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1 Introduction

Electrical energy storage is critical for many applications 
from portable electronics, to electric vehicles, and grid 
power management and supply. There is a broad array of 
energy storage devices offering different power and energy 
properties. Supercapacitors are one type of energy stor-
age device, which offer higher power density than that of 
traditional batteries and fuel cells, and a moderate energy 
density, as well as high cycle life, and rapid charging times 
[1–4]. Supercapacitors can be divided into three categories, 
electrochemical double-layer capacitors (EDLCs), pseudo-
capacitors, and hybrid capacitors. EDLCs store energy by 
physical charge separation and ion adsorption on the surface 
of a porous electrode. In contrast, pseudocapacitors store 
energy by highly reversible, rapid charge transfer reactions, 

Abstract Electrochemical double-layer capacitors are 
promising energy storage devices with high power den-
sity, moderate energy density, rapid charging rates, and 
high cycle life. In order to maximize energy density, highly 
porous carbon materials are often incorporated in the elec-
trodes. The structure of the porous carbon network is criti-
cal to ensure high power delivery and charging rate. In this 
study, two types of oil sands petroleum cokes, from either 
batch or continuous industrial coking, were used to prepare 
porous carbon samples. The two activated petroleum coke 
samples have similar chemical compositions, specific sur-
face areas, and pore size distributions, but due to the differ-
ent industrial coking methods, the two samples have differ-
ing macrostructures and porous networks. Using mercury 
intrusion porosimetry and scanning electron microscopy, the 
meso-structure, macrostructure, and pore connectivity of the 
two samples were characterized and compared to the capaci-
tance performance of the activated coke samples. The results 
show that, in order to ensure high rate performance, espe-
cially in ion depleted electrolyte scenarios, the porous car-
bon samples must have an interconnected network of pores 
between 10 and 1000 nm in diameter. These pore sizes are 
shown to improve the rate of ion diffusion, and allow greater 
capacitance values to be achieved at rapid charging rates.
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typically employing transition metal oxides as the active 
material. Finally, hybrid capacitors combine the mecha-
nisms of both EDLCs and pseudocapacitors to enhance 
energy storage capacity [1–15]. This study will focus on 
EDLC devices and phenomena that occur in the electrical 
double layer (EDL).

The capacitive energy storage in EDLCs is due to the 
formation of an EDL on the surface of a porous carbon 
electrode. A charge is applied to the porous electrode, and 
counter-ions in the electrolyte solution migrate and adsorb 
on the surface of the electrode to balance the charge. This 
is known as the EDL [1, 2, 4, 6, 15, 16]. The energy stored 
in the EDL is directly proportional to the capacitance of 
the EDL; therefore, capacitance is often the metric used to 
evaluate the performance of an electrode material for an 
EDLC device.

The maximum achievable capacitance, or intrinsic capaci-
tance, in a given electrolyte determines the maximum energy 
density of a material. This is a key performance metric that is 
often used to evaluate the suitability of a material for EDLC 
devices. The intrinsic capacitance is determined by the total 
accessible surface area, the pore size distribution, and the 
electrolyte properties, such as ion size, conductivity, and rel-
ative dielectric constant. Significant research effort has been 
focused on increasing the intrinsic or maximum achievable 
capacitance in order to increase energy density to compete 
with developing battery technology [7–9, 12–15, 17–20]. 
While there remains a debate in the research community 
regarding the origin of enhanced capacitance [7, 21–25], 
the majority of the results suggest that high microporosity 
(pore diameters < 2 nm) leads to increased energy density 
[17, 18, 25–38]. Therefore, typically porous carbon materi-
als are prepared with high microporosity in order to enhance 
their maximum achievable capacitance. However, preparing 
porous carbon materials with extremely high microporosity, 
and low meso- and macroporosity limits the ability of ions to 
quickly diffuse into and out of the electrode material during 
charging/discharging [15, 39–43]. This limitation may not 
be an issue for microscale research electrodes often reported 
in literature. The rate performance of a material must be 
characterized in order to determine its suitability for practi-
cal EDLC devices.

The rate performance of a material is the relationship 
between measured capacitance and charging/discharg-
ing rate. The rate performance can also be described as 
capacitance retention and is presented as a percentage of 
the maximum measurable capacitance, which is achieved 
at the lowest charging rate. Ideal materials would retain a 
high capacitance at high charging rates, in order to maximize 
both energy density (high capacitance), and power density 
(high discharge currents). The rate performance of an EDLC 
device is associated with its equivalent series resistance, 
consisting of the electrical resistance of the electrode and 

electrolyte and the resistance associated with ionic diffusion 
through the separator and in the porous carbon structure. 
The electronic resistances are fixed parameters controlled 
by the structure, and conductivity of the carbon material, 
the electrolyte conductivity, and the EDLC device configura-
tion [1–3, 15]. However, the resistance associated with ionic 
diffusion may be affected by the charging rate and time. As 
the charging rate, either current density or sweep rate, is 
increased, the measurable capacitance tends to decrease due 
to limitations associated with ion diffusion into and out of 
the porous carbon electrodes. The resistance to ion diffusion 
is associated with the pore structure, connectivity, and size; 
therefore, research efforts have been made to determine the 
ideal pore structure to promote ion diffusion and transport. 
Yamada et al. [44] designed an experiment to investigate the 
effects of macroporous structure, using carbon beads with a 
starburst porous structure. This structure consisted of chan-
nels running from the edge of the particle to the center and 
the pore depth was assumed to be the radius of the particle. 
Yamada et al. concluded that the resistance associated with 
ion diffusion between particles and in the macrostructure of 
the particles had a greater effect on the performance, com-
pared to diffusion within the particle channels. This leads 
to their conclusion that it is critical to control the macro-
structure to ensure effective ion diffusion into and out of 
the pores [44].

Templating techniques can be used to control the mac-
rostructure, increase the connectivity and mesoporos-
ity of porous carbon, while retaining high microporosity. 
These carbon materials are termed hierarchical porous 
carbon materials, in which a smooth succession from large 
macropores to sub-nanometer pores is created using tem-
plate materials, such as silica, zeolites, and metal carbides. 
Generally, increasing the mesoporosity increases the rate 
performance in these hierarchical porous carbon materi-
als [15, 39–43, 45]. However, templating processes require 
many detailed processing steps in order to prepare porous 
carbon, which increases the cost and time to prepare materi-
als [15]. It would be ideal to retain the structure of the car-
bon precursor, in order to promote ion diffusion and simplify 
preparation procedures.

In this study, activated carbon is produced from Cana-
dian Oil Sands by-product petroleum coke. Petroleum coke 
is the solid carbon product that is produced when bitumen 
is upgraded to synthetic crude oil. There are two types of 
coking used in Canada, delayed coking, which is a batch 
process, and fluid coking, which is a continuous process. 
The coke produced from delayed coking is initially extracted 
from the coker reactor and crushed. This coke has a very 
large and random particle size and must be further crushed 
to generate a free-flowing uniform powder. However, fluid 
coking is a continuous coking process in which coke parti-
cles are recirculated between a heater and a coker reactor. 
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Due to this two-step process, the coke particles have concen-
tric carbon layers deposited during each coking cycle. This 
leads to a free-flowing powder of nearly spherical particles. 
These two coking processes result in coke products with 
similar chemical composition, but different mesoscale and 
macroscale structures [46–50]. These differences in pore 
structure will be used to investigate the effect of larger pores 
on the rate performance of a material.

Petroleum coke has been used in previous studies as the 
precursor for activated carbon preparation. Initial studies 
resulted in a low specific surface area (SSA) material [47]; 
however, further optimization of the activation process has 
generated chemically activated petroleum coke with SSA 
values greater than 2000 m2 g−1 [48].

The two activated petroleum coke materials, activated 
delayed coke (ADC) and activated fluid coke (AFC) have 
been prepared with similar SSAs, chemical compositions, 
and pore size distributions for pores < 10 nm in diameter. 
However, as explained above, these two materials have dif-
ferent meso-structures and macrostructures, which are the 
subject of the work to determine the effect of electrolyte ion 
diffusion in the electrode and the rate performance of the 
materials.

2  Experimental

2.1  Raw materials

Oil sands petroleum coke is produced during upgrading of 
bitumen to synthetic crude oil, by a process known as cok-
ing. As described above, due to the coking techniques used 
at different oil sands facilities, oil sands delayed coke has a 
random carbon macrostructure, and oil sands fluid coke has 
a concentric layered carbon structure.

Oil sands fluid petroleum coke was used as one of the 
raw materials to prepare porous carbon for the EDLC 
electrodes; the fluid coke was supplied by the Canadian 
Oil Sands Industry. The coke was prepared for activation 
by sieving to a particle size between 150 and 212 µm. 
The second type of coke used to prepare porous carbon 
was oil sands delayed coke, supplied by the Canadian 
Oil Sands Industry. Since this coke is prepared in a batch 
coking process, the as received particles are much larger. 
The particles were first ground, and then sieved to a par-
ticle size between 150 and 212 µm. After the particle 
size was controlled, the raw coke materials were acti-
vated using as received potassium hydroxide from Sigma 
Aldrich.

The electrodes were prepared using carbon black, sup-
plied by Fisher Scientific, as a conductive additive. The 
carbon particles were bound together using polytetrafluor-
oethylene, which was supplied in 60 wt% dispersion and 

used as received from Sigma Aldrich. All solvents were 
used as supplied.

2.2  Porous carbon preparation

Porous carbon materials were prepared using potassium 
hydroxide chemical activation. The activating conditions 
are listed in Table 1 below, and were adapted from the pro-
cedure presented in Zuliani et al. [48, 51]. Two activated 
petroleum coke samples were prepared, the AFC sample 
was prepared using oil sands fluid coke as the carbon 
source and the ADC sample was prepared using oil sands 
delayed coke as the raw material. The raw coke particles 
were mixed with potassium hydroxide in a mass ratio of 
2.5:1 KOH:coke, and 1 mL of water per gram of coke. 
Methanol, 0.3 g, was added to improve the wettability of 
the petroleum coke. The mixtures were allowed to stand 
at ambient conditions for 20 h.

Activation was performed using a vertical tube furnace, 
with a steel crucible sample holder suspended in the mid-
dle of the furnace. Activations were performed under an 
inert nitrogen atmosphere to prevent coke combustion. 
After activation, the material was cooled under nitrogen 
to room temperature. The porous carbon was washed with 
distilled water and dilute hydrochloric acid (five-fold dilu-
tion of pure hydrochloric acid) to remove residual potas-
sium hydroxide and potassium carbonate.

2.3  Physicochemical characterization

The goal of the following analytical techniques is to charac-
terize the physical and chemical features of the two porous 
carbon samples. By using these various analytical tech-
niques, the similarities and differences in the physical and 
chemical properties of the porous carbon samples can be 
identified. Ideally, only a single physical or chemical fea-
ture will vary between the samples, allowing for isolation 

Table 1  Activating conditions to prepare AFC and ADC

AFC ADC

Raw material Oil sands fluid 
petroleum coke

Oil sands delayed 
petroleum coke

Activating agent KOH
Mass ratio activating agent 

(KOH:Coke)
2.5:1

Holding time at room 
temperature

20 h

KOH melting temperature 400 °C
KOH melting time 2 h
Pyrolysis temperature 850 °C
Pyrolysis time 2 h
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of its relationship with the performance of the material in 
an EDLC.

2.3.1  Specific surface area and pore size distribution

The SSA of the carbon materials was calculated using iso-
thermal data from both nitrogen gas adsorption, at 77 K, and 
carbon dioxide gas adsorption, at 273 K. In order to calcu-
late the SSA and pore size distributions for pores < 1 nm 
in diameter, non-local density functional theory was used 
to analyze the carbon dioxide isotherm. The SSA and pore 
size distribution for pores with diameters greater than 1 nm 
is estimated using quenched solid density functional theory, 
which accounts for pore roughness, in order to analyze the 
nitrogen gas isotherms at 77 K. The intersection point of the 
pore size distributions estimated from the carbon dioxide 
and nitrogen gas isotherms were overlaid in order to deter-
mine that the intersection point was approximately 1 nm. 
Jagiello et al. also demonstrated that the carbon dioxide and 
nitrogen gas models can be combined in order to generate a 
unified pore size distribution for broad pore size distribution 
microporous carbon materials [52]. Further details on the 
application of the combined adsorption models can be found 
in the study performed by Caguiat et al. [53].

Isothermal gas adsorption was performed using a Auto-
sorb 1-C, supplied by Quantachrome Instruments. During 
this analysis process, gas (nitrogen or carbon dioxide) was 
injected into a sealed container at different pressures. The 
volume of gas adsorbed on the surface of the porous carbon 
samples is calculated based on the change in pressure in 
the vessel once it has reached equilibrium. The change in 
pressure is the difference between the pressure at equilib-
rium and the pressure initially injected into the vessel [54, 
55]. The isothermal data is then used to estimate the SSA, 
specific pore volume, and pore size distribution of the car-
bon materials as outlined above [52–55]. The SSA, specific 
pore volume, and pore size distributions characterize the 
physical structure of the activated petroleum coke samples 
for features below 10 nm in diameter. These characteristics 
affect the performance of the activated carbon material in 
an EDLC device, primarily affecting the maximum achiev-
able capacitance. The SSA value is also used a normaliza-
tion parameter for capacitance, to calculate the SSA-nor-
malized capacitance.

2.3.2  Mercury intrusion porosimetry

Mercury intrusion porosimetry analysis was performed on 
the AFC and ADC samples in order to characterize the pore 
size distribution and pore volume for pores between 100,000 
and 3.5 nm. Prior to analysis, the samples were dried over-
night in a desiccator to remove moisture.

Mercury intrusion porosimetry is a similar technique to 
the gas adsorption technique outlined above. In this analy-
sis, mercury, a non-wetting fluid, is injected into a closed 
vessel with the porous material. The pressure is then gradu-
ally increased; as the pressure is increased, the volume of 
mercury intruded into the sample is measured by the instru-
ment. At lower applied pressure, mercury intrudes into the 
largest pores, and as the pressure is increased, the mercury 
intrudes into the smaller pores. In order to determine the 
pore diameter, the Washburn equation is used, which relates 
the applied pressure to pore diameter at equilibrium. This 
equation calculates the minimum pore size that is penetrable 
at a given pressure through a force balance between pressure, 
surface tension of mercury, and contact angle, assuming a 
cylindrical pore shape. The Washburn equation is presented 
in Eq. 1, where DP is the pore diameter, � is the surface ten-
sion of mercury, � is the contact angle of mercury on the 
porous sample, and P is the applied pressure [56]. 

The mercury intrusion porosimetry technique is used 
to calculate the relationship between cumulative intrusion 
volume and pore diameter, which provides a characteriza-
tion of the meso-structure and macrostructure of the porous 
carbon materials. This information provides further insight 
into the physical structure of the carbon samples for larger 
pore diameters compared to the isothermal gas adsorption.

2.3.3  Carbon density measurements

The skeletal density of a carbon sample is a measurement of 
the density of the carbon material itself, excluding the void 
spaces. This was determined using a Ultrapycnometer 1000, 
supplied by Quantachrome Instruments, with helium gas, in 
continuous flow mode. During the analysis, the carbon sam-
ple is placed in a chamber of a known volume. The chamber 
is sealed and evacuated, then a fixed volume of helium gas 
is injected into the system and the equilibrium pressure is 
measured. Based on the equilibrium pressure, the volume of 
the carbon skeleton is calculated and compared to the mass 
of the sample. The skeletal density of the carbon sample 
can be compared to known carbon structures  (sp2,  sp3, or 
amorphous). This provides insight into the crystal structure 
of the carbon materials.

The bulk density of a porous carbon material is a measure 
of the density including the air in the void spaces. The bulk 
density of the materials was determined by measuring the 
mass and volume of a sample in a 10 mL graduated cylinder. 
To ensure the bulk density measurements were representa-
tive, and that the void space was minimized, the samples 
were tapped several times to allow the particles to settle. 

(1)D
P
= −

4� cos (�)

P
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The bulk density can be used to characterize the pore volume 
and void spacing of the carbon material. This information 
is important when calculating the capacitance of a carbon 
material in order to determine its capacitance per unit mass 
and per unit volume. The bulk density is important to con-
sider when comparing the performance of different porous 
carbon samples for EDLCs, especially if the carbon materi-
als have different pore volumes.

2.3.4  Electron microscopy imaging

Scanning electron microscopy (SEM) was performed on 
the samples to determine the macroscopic structures. An 
ultra-high resolution SEM, SU8230, supplied by Hitachi, 
was used with an accelerating voltage of 500 V in order to 
characterize and image the porous carbon particles.

SEM analysis is performed to provide a visual image of 
the porous carbon sample. In this analysis, the carbon sam-
ple is placed in a vacuum chamber. The sample is irradiated 
with electrons at a specified accelerating voltage, (500 V in 
this study). The electrons are reflected from the sample and 
data is collected by sensors in the instrument. This informa-
tion is mathematically transformed into an image of the car-
bon surface. Due to the low molecular mass of carbon, a low 
accelerating voltage was selected to avoid electron penetra-
tion into the sample, and artificial smoothing of the carbon 
surface. The SEM analysis provided visual insight into the 
carbon structure and was used to understand and character-
ize the macrostructure of the porous carbon samples.

2.3.5  Elemental chemical analysis

Elemental analysis of the carbon, hydrogen, nitrogen, oxy-
gen, and sulfur content of the porous carbon samples was 
performed using a CE 440 elemental analyzer, supplied by 
Exeter Analytical. Elemental content was determined by 
combustion of a small sample (1–2 mg) and quantification 
of the combustion product. The elemental chemical analy-
sis characterizes the chemical composition of the porous 
carbon samples. The chemical composition of the carbon 
samples can affect their electrochemical performance, 
since surface functional groups may undergo rapid charge 
transfer reactions. These rapid charge transfer reactions 
enhance the observed capacitance. Therefore, it is impor-
tant to characterize and control the chemical composition 
of the carbon samples.

2.3.6  X‑ray photoelectron spectroscopy analysis

In order to characterize the oxygen functional groups on 
the surface of the activated petroleum coke samples, X-ray 
photoelectron spectroscopy was performed. The X-ray 

photoelectron spectroscopy analysis was performed using a 
 KAlpha+ X-ray photoelectron spectrometer, with an Al  Kα 
X-ray source, supplied by Thermo Scientific.

X-ray photoelectron spectroscopy is used to character-
ize the functional groups on the carbon surface; this study 
focuses on oxygen functional groups. This analysis pro-
vides information on the bonding energy of the oxygen (i.e. 
bonding energy of oxygen with the carbon surface). In this 
analysis, the carbon surface is irradiated with X-ray photons 
of a known energy. These X-ray photons interact with the 
carbon surface, causing the electrons to be released from 
the surface. The kinetic energy of the electrons is measured 
by a detector. The measurement of the kinetic energy of the 
released electron allows the binding energy and hence, the 
functional group to be determined.

The information collected from the X-ray photoelectron 
spectroscopy analysis was used to characterize the oxygen 
functional groups on the carbon surface. Oxygen is known 
to undergo charge transfer reactions in an alkaline electro-
lyte. Therefore, it is important to quantify and control the 
oxygen functional groups that are electrochemically active 
in alkaline solutions, in order to compare the performance 
of porous carbon materials in EDLCs.

2.4  Electrochemical characterization

Flexible composite electrodes were prepared using 90 wt% 
activated petroleum coke, 6 wt% carbon black, and 4 wt% 
polytetrafluoroethylene. Carbon black was added to the 
mixture to improve electrode conductivity, while polytetra-
fluoroethylene polymer was used as a binder. The carbon 
black and activated petroleum coke were mixed with 4 mL 
of water and 3 mL of isopropanol. After obtaining a uniform 
mixture, the polytetrafluoroethylene suspension, diluted with 
1 mL of water, was added to the mixture. The mixture was 
heated slowly to evaporate the water and generate a malle-
able semi-solid mixture. The mixture was then rolled into a 
thin film of 0.7–0.8 mm in thickness, and cut into circular 
electrodes with a diameter of 15.9 mm and a projected area 
of 198 mm2. The mass of each electrode was between 45 
and 50 mg.

The electrodes were dried in an oven for 4 h. The EDLC 
2-electrode test cells were prepared using a nickel mesh as 
the current collector and polyphenylene sulfide as the porous 
non-conductive separator. EDLC cells were prepared using 
AFC electrodes and ADC electrodes. In order to ensure the 
electrodes and separator were fully wet by the electrolyte, 
the prepared cells were placed in the potassium hydroxide 
electrolyte, with concentrations of either 0.4 or 4 M, for 
7 days.

The concentrated 4 M potassium hydroxide electrolyte 
was used in the EDLCs as it provides an ion rich solution 
where ample ions are available to match the applied surface 
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charge and to maximize the measured capacitance. However, 
in this concentrated electrolyte, the effects of ion diffusion 
in the carbon materials may be negligible or masked due to 
the large number of ions in the solution. Therefore, diluted 
potassium hydroxide electrolyte, 0.4 M, was used in order to 
make the effects of ion diffusion more prominent and depict 
an ion depleted scenario. This ion depleted scenario may 
occur in cases where electrolyte volume is a limiting factor, 
as well as when the EDLC is operated at high rates. While 
this dilute electrolyte concentration may not be realistic to 
use in a commercial EDLC, the usage of a low concentration 
electrolyte in these experiments has provided insight into the 
relationship between carbon electrode performance and the 
meso-structure and macrostructure of the carbon material.

Electrochemical analysis was performed using a Solartron 
1280 B/C potentiostat, using a potential window of 0.8 V, with 
both constant current cycling, for current densities between 
25 and 7500 mA g−1, and cyclic voltammetry, for sweep rates 
between 1 and 100 mV s−1. Normalized values are reported 
to the mass of activated petroleum coke in a single electrode 
for gravimetric normalization. For SSA-normalization, values 
were normalized to the total SSA of the material based on the 
combined  CO2,  N2 model outlined above.

In addition to capacitance, the equivalent series resistance 
can be calculated using the constant current cycling data. 
The equivalent series resistance is the overall cell resistance, 
including electrical resistance of the current collectors and 
electrodes, contact resistance between the electrodes and cur-
rent collectors and the electrodes and separator, and the elec-
trolyte resistance. The equivalent series resistance, in ohms, is 
calculated by the relationship between voltage drop that occurs 
when changing from charging to discharging (ΔV) and the 
charging/discharging current (I), using Eq. 2. The equivalent 
series resistance affects the rate performance of an EDLC cell 
since it contributes to the rate at which electrons can travel 
through the electrodes, and the rate at which ions can diffuse 
to the carbon surface. 

3  Results and discussion

3.1  Physical and chemical properties of porous carbon 
samples

The following section will present the physical and chemi-
cal characteristics of the two carbon samples used in this 
analysis. The similarities and differences in physicochemi-
cal properties will be beneficial to identify the causes for 
variations in EDLC performance.

(2)ESR =
I

2ΔV

3.1.1  Porous carbon structure

3.1.1.1 Gas adsorption and  pore size distribution analy‑
sis The isotherms for both sample types using carbon 
dioxide or nitrogen gas are presented in Fig. A1 in the elec-
tronic supplementary material. The carbon dioxide gas iso-
therms show similar adsorbed volumes, with the AFC sam-
ple having a slightly greater volume adsorbed. The nitrogen 
isotherms show combined Type I and Type II adsorption 
isotherms, indicating a mixed microporous and mesoporous 
structure [54, 55]. The ADC isotherm shows a slightly 
greater nitrogen gas adsorption, indicating that the surface 
area of the ADC sample is slightly greater than that of the 
AFC sample.

The SSA of the ADC and AFC samples are displayed 
in Fig.  1a with nearly identical values of 2095 and 
1960 m2 g−1, respectively. The micropore fraction, based 
on SSA is also displayed, in Fig. 1a. The AFC material 
has a slightly larger micropore fraction at 0.7, compared 
to that of the ADC material, which has a micropore frac-
tion of 0.6. The specific pore volume of the porous carbon 
materials is displayed in Fig. 1b. The ADC sample has a 
larger specific pore volume of 1.26 cm3 g−1, while the AFC 
has a specific pore volume of 0.99 cm3 g−1. Based on the 
microporosity, it is reasonable that the ADC sample would 
have a larger specific pore volume, since micropores have 
a lower surface to volume ratio. As such, samples with 
higher microporosity would be expected to have lower 
pore volumes, as is observed in the two activated petro-
leum coke samples.

The pore size distribution of the ADC and AFC samples 
is displayed in Fig. 1c. The pore size distributions of the two 
materials again are nearly identical. In the sub-nanometer 
pore diameter range, the two materials have nearly identical 
pore size distributions. In the pore size range between 1 and 
2 nm, the materials have similar pore sizes; however, the 
AFC material has a greater volume associated with pores 
of 1–2 nm in diameter. In contrast, for pores between 2 and 
6 nm, the ADC sample has a slightly greater volume asso-
ciated with these pores; however, again, the pores are of 
similar diameters.

3.1.1.2 Mercury intrusion porosimetry The cumula-
tive intrusion volume of the ADC and AFC samples cal-
culated using mercury intrusion porosimetry analysis are 
presented in Fig. 2. The ADC sample has the majority of 
its pore volume as a result of larger pores between 100,000 
and 10,000  nm, with a small portion as a result of pores 
between 5000 and 10 nm. Similarly, the AFC sample has 
a portion of its pore volume associated with larger pores 
between 100,000 and 10,000 nm. However, unlike the ADC 
sample, the AFC sample also has porosity associated with 
pores between 1000 and 10 nm.
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The cumulative intrusion volume in Fig. 2 shows that 
both the ADC and AFC samples have an intrusion volume 
of 1.3 and 1.4 cm3 g−1 at an approximate pore diameter of 

10,000 nm. This result points to the possibility that this 
porosity may be associated with inter-particle void spacing. 
However, distinct differences are observed for pores smaller 
than 10,000 nm. In the ADC sample, there is a jump in pore 
volume to 1.5 cm3 g−1 at pore diameters of 5000 nm. For 
pores below 1000 nm in diameter, there appears to be almost 
no intrusion of mercury. As such, there is very little acces-
sible porosity in the 10–1000 nm range. In the AFC sam-
ple, a smooth increase in pore volume is observed between 
1000 nm and approximately 10 nm, with an increase in pore 
volume to 1.7 cm3 g−1. This indicates that there are pores 
present in the AFC sample with diameters between 10 and 
1000 nm in diameter, which contribute to the overall sample 
pore volume.

By comparing the intrusion profiles, it is clear that mer-
cury smoothly entered the porous structure of the AFC sam-
ple, but did not readily penetrate the porous structure of the 
ADC sample. This smooth intrusion in the AFC sample will 
potentially translate to improved rate performance in EDLC 
devices.

Fig. 1  a Specific surface area 
(SSA), b specific pore volume, 
and c pore size distribution of 
the activated petroleum coke 
samples. The values were cal-
culated using density functional 
theory analysis of carbon diox-
ide and nitrogen isotherms
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3.1.1.3 Carbon density measurements There are two den-
sity measurements for porous materials, the skeletal den-
sity and the bulk density. The skeletal density of a material 
measures the density of the pore walls within the structure. 
In contrast, the bulk density is a measurement of both the 
skeleton and the void space. Using the relationship between 
bulk and skeletal density, the void fraction of the powder 
may be determined as shown in Table 2. It is observed that 
the skeletal and bulk density of both materials is similar, 
and that the void fraction of the particles is similar. The void 
fraction is a combination of the packing density of the par-
ticles, as well as the porous structure within the particles.

3.1.2  Electron microscopy imaging

In order to have a visual representation of the differences in 
macroscopic structure between the AFC and ADC samples, 
SEM imaging was performed. The two samples are com-
pared at various levels of magnification in Fig. 3.

As can be seen in the scanning electron micrographs, both 
activated petroleum coke samples have large fractures within 
the structure. In the lowest magnification images, in Fig. 3a, 
b (1500× magnification), the macroscopic structure of the 
ADC is observed to be different from the AFC. The AFC 
material is composed of many concentric layers of carbon. 
According to the lower left corner of the image in Fig. 3b, 
the surface of the layers is composed of highly fractured car-
bon. By comparing the ADC and AFC surfaces, both appear 
to be highly fractured. However, the AFC has a considerably 
higher density of fractures. These macrostructures are con-
sistent with the coking processes used. The ADC material 
retains its random macrostructure, due to the batch coking 
process. Similarly, the AFC material retains the layering 
structure associated with the continuous coking process. 
However, through chemical activation, the coke particles 
have fractured, allowing for the electrolyte to access and wet 
the internal structures.

Further magnification of the surface demonstrates addi-
tional differences between the AFC and ADC samples. As 
seen in the 10,000× magnification image, Fig. 3c, the ADC 
sample has a very rough surface. In contrast, at the same 
magnification, in Fig. 3d, the AFC sample appears to have 
a smoother surface, composed of many layers. Again, the 
density of fractures is much greater in the AFC sample.

The SEM images of both the ADC and AFC samples, 
obtained at 50,000x magnification, are depicted in Fig. 3e, f, 
respectively. These micrographs clearly show that the ADC 
sample has a high surface roughness, with many textures 
compared to the AFC sample.

These differences in the macrostructure and meso-struc-
ture of the ADC and AFC samples are consistent with the 
mercury intrusion porosimetry results. These images show 
that the AFC sample has a much higher density of fractures 
and pores in the larger pore size range, as well as several 
macroscale channels that allow for ions to diffusion to and 
from the surface. This is consistent with the smooth intru-
sion of mercury in the mercury intrusion porosimetry data 
for pores between 10–1000 nm. Therefore, based on the 
mercury intrusion porosimetry data and the scanning elec-
tron micrographs, in the ions in the EDLC electrolyte will 
likely have improved diffusion in the highly fractured and 
meso- and macroporous AFC sample compared to the less 
meso- and macroporous ADC sample.

3.1.3  Chemical composition

3.1.3.1 Elemental chemical analysis Elemental analy-
sis of the carbon materials demonstrated is displayed in 
Table 3. The carbon content of the ADC and AFC is greater 
than 90 wt%. The sulfur content of the AFC and ADC mate-
rials is approximately 1  wt%, the nitrogen and hydrogen 
content is < 1 wt%, and the oxygen content is 2.5–4 wt%. 
The chemical composition of AFC and ADC is very simi-
lar. This consistency between the chemical compositions of 
the two samples indicates that there would be limited vari-
ations in performance associated with electrolyte wettabil-
ity and rapid faradaic charge transfer reactions. Therefore, 
this makes these two samples ideal to compare variations in 
EDLCs performance associated with structural differences.

3.1.3.2 X‑ray photoelectron spectroscopy In order to 
characterize the oxygen functional groups, X-ray photo-
electron spectroscopy analysis was performed. The X-ray 
photoelectron spectroscopy results are presented in Table 4, 
with the raw data presented in Fig. A2 of the electronic sup-
plementary material. The pH of both the concentrated and 
dilute electrolyte is greater than 13.5. In previous studies, it 
has been shown that in highly alkaline electrolytes, that phe-
nol and carboxyl groups are electrochemically active and 
undergo charge transfer reactions, which can contribute to 
the capacitance [57–59]. The atomic percentage of electro-
chemically active oxygen functional groups on the surface 
of the ADC and AFC materials was quantified using X-ray 
photoelectron spectroscopy. This information can be used 
to determine if variations in the performance of the ADC 
and AFC electrodes can be attributed to variations in surface 
oxygen functional groups.

Table 2  Bulk and skeletal density measurements of AFC and ADC 
samples

AFC ADC

Bulk density (g cm−3) 0.35 0.35
Skeletal density (g cm−3) 2.34 2.37
Void fraction 0.85 0.85
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The X-ray photoelectron spectroscopy results show that 
the atomic percentage of phenol groups, based on total 
sample, is 0.8 at.% for both the ADC and AFC carbon 
materials. Similarly, the atomic percentage of carboxyl 
groups, based on total sample, for the AFC and ADC 

Fig. 3  Scanning electron 
micrographs of ADC (a, c, e) 
and AFC (b, d, f) at various 
magnifications using an acceler-
ating voltage of 500 V
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Table 3  Elemental chemical analysis of AFC and ADC

C H N S O

AFC 91.1 ± 1.5 0.5 ± 0.1 0.3 ± 0.02 0.8 ± 0.10 2.7 ± 0.4
ADC 94.9 ± 2.2 0.6 ± 0.1 0.4 ± 0.13 1.2 ± 0.12 3.8 ± 0.5

Table 4  X-ray photoelectron spectroscopy results for oxygen functional groups of the activated petroleum coke samples, given in atomic per-
centage based on total oxygen and total sample

Functional group Binding energy 
(eV)

Activated fluid coke (AFC) Activated delayed coke (ADC)

Percentage of total 
oxygen (at.%)

Percentage of total 
sample (at.%)

Percentage of total 
oxygen (at.%)

Percentage of 
total sample 
(at.%)

Quinone 530.5 14.8 1.2 15.1 0.8
Carbonyl 533.1 47.9 4 35.8 1.9
Carboxyl 531.8 20.6 1.7 24.7 1.3
Phenol 534.6 9.2 0.8 14.9 0.8
Chemisorbed oxygen 536.9 7.4 0.6 9.5 0.5
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materials is 1.7 and 1.3 at.%, respectively. Therefore, the 
total amount of electrochemically active oxygen functional 
groups is similar for both the AFC and ADC materials. As 
such, the X-ray photoelectron spectroscopy results indicate 
that the effect of oxygen functional groups is expected 
to be similar for both activated petroleum coke materi-
als, and would not affect the relationship between carbon 
meso- and macrostructure and capacitance as a functional 
of charging rate.

3.1.4  Summary of physicochemical similarities 
and difference

Table 5 provides a summary of the physical and chemical 
characteristics of the two activated coke samples. While 
most of the physical and chemical properties are similar, 
the two main differences are the specific pore volume and 
the mesoscale and macroscale structure, as analyzed by 
SEM imaging. Therefore, these two samples provide a 
unique comparison on the relationship between mesopore 
and macropore structure and EDLC device performance, 
focusing on the charging rate.

3.2  Electrochemical performance

This study investigated the relationship between macroscale 
and mesoscale structure and pores, and the rate performance 
of activated petroleum coke materials. In order to investigate 
the rate performance, the capacitance of both the ADC and 
AFC was measured in a 2-electrode test cell, at a current 
density between 25 and 7500 mA g−1, and at a sweep rate 
between 1 and 100 mV s−1, for a potential window of 0.8 V.

3.2.1  Performance in electrochemical double‑layer 
capacitor device

The maximum measured capacitance, measured at a scan 
rate of 1 mV s−1, of the ADC and AFC samples are similar, 
as presented in Table 6. Additionally, the cyclic voltammo-
grams presented in Fig. A3 in the electronic supplementary 
material show similar behavior of the ADC and AFC sam-
ples at slow charging rates. In the concentrated 4 M KOH 
electrolyte, a gravimetric capacitance of 302 F g−1 was esti-
mated for the ADC electrodes, compared to 258 F g−1 for the 
AFC electrodes. This result is unexpected given the similar 
SSA values. However, when the capacitance is normalized to 
total SSA, the AFC and ADC materials have similar values, 
at 13.1 and 14.4 µF cm−2, respectively, which is expected 
based on the similar pore size distribution of the materials. 
The variation in gravimetric capacitance can, therefore, be 
explained by the slightly higher SSA of the ADC material.

In the dilute 0.4 M KOH electrolyte, the gravimetric 
capacitances of the ADC and AFC materials are similar, 225 
and 217 F g−1, respectively. In the dilute solution, the capaci-
tance of the ADC material is only 3% greater than that of 
the AFC material, compared to a 16% difference in the con-
centrated electrolyte. This result suggests that the measured 
SSA of the ADC material may not be as readily accessible as 
the AFC material. As described above, the AFC material has 
distinct layered structures, which may promote ion diffusion 
and penetration into the center of the carbon particles. To 
further investigate the relationship between the macroscopic 
structure and ion diffusion, the rate performance of the two 
materials was analyzed.

3.2.2  Rate performance in variable electrolyte 
concentrations

As discussed in the introduction, the rate performance is 
the relationship between measured capacitance and the 

Table 5  Summary of physical and chemical characteristics of the 
AFC and the ADC samples

Parameter AFC ADC

Specific surface area 1960 m2 g−1 2095 m2 g−1

Specific pore volume 0.99 cm3 g−1 1.26 cm3 g−1

Microporosity (SSA based) 0.71 0.62
Visible mesoscale and macro-

scale structure (SEM)
Concentric 

layering, highly 
fractured, smooth 
surface

Moderate 
fractur-
ing, rough 
surface

Mercury porosimetry structure Smooth intrusion, 
porosity between 
10 and 1000 nm

Lack of 
porosity 
between 
10 and 
1000 nm

Tap density 0.35 g cm−3 0.35 g cm−3

Skeletal density 2.34 g cm−3 2.37 g cm−3

Void fraction 0.851 0.852
Chemical analysis Similar Similar

Table 6  Capacitance of ADC and AFC electrodes in 4 M KOH elec-
trolyte and 0.4 M KOH electrolyte, measured using cyclic voltamme-
try at a scan rate of 1  mV  s−1 and potential window of 0.8  V. The 
gravimetric capacitance is normalized to the mass of activated coke 
in a single electrode, and the SSA-normalized capacitance is normal-
ized to the SSA of the activated coke in a single electrode

Electrode 
material

Specific 
surface 
area 
( m2 g−1)

4 M KOH electrolyte 0.4 M KOH elec-
trolyte

Gravi-
metric 
capaci-
tance 
(F g−1)

SSA-nor-
malized 
capaci-
tance 
(μF cm−2)

Gravi-
metric 
capaci-
tance 
(F g−1)

SSA-nor-
malized 
capaci-
tance 
(μF cm−2)

ADC 2095 302 14.4 225 10.8
AFC 1960 258 13.1 217 11.1
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charging/discharging rate. The rate performance can also 
be described as capacitance retention and is presented as a 
percentage of the maximum measurable capacitance, which 
is achieved at the lowest charging rate. The rate performance 
of different carbon materials can be compared based on the 
slope of the capacitance retention against current density 
or sweep rate, as shown in Fig. 4. The rate performance of 
the ADC and AFC materials are similar in the highly con-
centrated 4 M KOH electrolyte as shown in Fig. 4. For the 
constant current cycling, in Fig. 4a, the ADC material has a 
slightly better rate performance than the AFC material. At 
the highest current density, 7500 mA g−1, the ADC mate-
rial retains 82% of the maximum measured capacitance at 
25 mA g−1. At the same charging current of 7500 mA g−1, 
the AFC material retains 69% of the maximum measured 
capacitance at 25 mA g−1. However, the rate performance 
and capacitance retention of these materials is fairly simi-
lar. In the cyclic voltammetry analysis, the rate performance 
of both the AFC and ADC materials is nearly identical, as 
seen in Fig. 4b. At a sweep rate of 100 mV s−1, the retained 
capacitance for both materials is greater than 45% compared 
to charging at 1 mV s−1.

While the 4 M KOH electrolyte demonstrates an ion rich 
electrolyte, which is not likely to be depleted of ions dur-
ing charging, the rate performance can be greatly affected 
by depletion of electrolyte ions. In order to investigate the 
performance in an ion depleted scenario, the concentration 
of the electrolyte was decreased ten-fold to a 0.4 M KOH 
solution. The results of the dilute electrolyte solution are 
displayed in Fig. 4, for comparison to the concentrated elec-

trolyte. The use of a low concentration electrolyte, will allow 
for the effects of ion diffusion in the AFC and ADC elec-
trodes to be more easily observed.

In the 0.4 M KOH electrolyte solution, in both cyclic 
voltammetry and constant current testing methods, the AFC 

material has retained a significantly larger percentage of its 
maximum capacitance at higher charging rates. In the AFC 
sample, the measured capacitance at 7500 mA g−1 is 39% 
of that measured at 25 mA g−1. Compared to the measured 
capacitance at 25 mA g−1, the ADC sample has retained a 
much poorer capacitance of 14% at 7500 mA g−1. Similarly, 
in cyclic voltammetry operation, the measured capacitance 
at 100 mV s−1 is 21% and 12% of that measured at 1 mV s−1, 
for the AFC and ADC samples, respectively. The rate per-
formance normalized to mass of active material in a single 
electrode for both constant current and cyclic voltammetry 
testing is presented in the electronic supplementary material.

As expected, the measured capacitance at higher charging 
rates is lower compared to the maximum measured capaci-
tance at 25 mA g−1. This is observed in both the AFC and 
ADC materials for both cyclic voltammetry and constant 
current analyses, as shown in supplementary material. Since 
there are ten times fewer ions present in the electrolyte solu-
tion, the solution is more likely to be depleted of ions dur-
ing charging. In contrast, the highly concentrated 4 M KOH 
electrolyte will have ample ions, thus limiting or eliminating 
the effects of electrolyte ion depletion and diffusion.

The equivalent series resistance of the EDLC test devices 
is a measure of the total cell resistance, including the elec-
trodes, the dielectric separator, and the electrolyte, as dis-
cussed in the “Experimental” section. In the concentrated 
4 M KOH cell, the equivalent series resistance of both the 
AFC and ADC test devices was 0.5 Ω. The low overall cell 
resistance indicates that the resistance of both the AFC and 
ADC electrode materials is not significant. Therefore, the 

low resistance of the AFC and ADC materials will not affect 
the rate performance of the EDLC test devices in either the 
concentrated or dilute KOH electrolyte.

Fig. 4  Rate performance of 
activated petroleum coke elec-
trodes, for a potential window 
of 0.8 V, in 4 M KOH and 
0.4 M KOH aqueous electrolyte 
a for current densities between 
25 and 7500 mA g−1, standard-
ized capacitance is the ratio of 
the measured capacitance at a 
given current density compared 
to the measured at 25 mA g−1, 
and b for sweep rates between 
1 and 100 mV s−1, standardized 
capacitance is the ratio of the 
measured capacitance at a given 
sweep rate compared to the 
measured at 1 mV s−1
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3.3  Discussion and interpretation of results

In comparing the two activated petroleum coke samples, 
there are some distinct structural features that are similar 
and some distinct structural features that are different. By 
comparing the similarities and differences in the activated 
coke samples with the electrochemical performance of the 
samples, it is possible to identify key structural features that 
impact EDLC device performance. Since the chemical com-
position and atomic percentage of electrochemically active 
oxygen functional groups of the two samples are similar, it 
is unlikely that variations in performance are associated with 
electrolyte wettability or faradaic charge transfer reactions. 
The SSAs of both samples are similar for pores below 10 nm 
in diameter, as are the pore size distributions in this range. 
Both the ADC and AFC samples have similar SSA-normal-
ized capacitance values at the slowest charging rates. Given 
that the pore size distribution and SSA for pores below 
10 nm is similar, it is likely that these pore sizes affect the 
maximum achievable SSA-normalized capacitance values.

There are two key distinct differences between the two 
activated coke samples, the specific pore volume, and the 
mesoscale and macroscale structural cracking. The specific 
pore volume of the ADC samples is 1.26 cm3 g−1, while the 
specific pore volume of the AFC sample is 0.99 cm3 g−1. A 
larger specific pore volume would allow a larger volume of 
electrolyte to reside in the pores of the carbon, and lower the 
distance that the ion must diffuse to adsorb on the surface 
during charging. Since the ADC sample has a larger specific 
pore volume than the AFC sample, the rate performance 
of the ADC material might be expected to be better than 
that of the AFC material. However, the AFC material has 
similar rate performance in the concentrated electrolyte and 
significantly better rate performance in the dilute electrolyte. 
Therefore, it is unlikely that the variations in specific pore 
volume for pores less than 10 nm in diameter are affecting 
the rate performance of the device.

The variations in mesoscale and macroscale structure 
observed using SEM and the mercury intrusion porosim-
etry analysis demonstrate a significant difference in material 
structure. As discussed above, the ADC sample has many 
small fractures; however, the AFC sample has concentric 
layers, with gaps in between, which would allow the elec-
trolyte to more readily migrate into the porous structure. 
The visible differences in pore structure were confirmed 
with mercury intrusion porosimetry analysis. Based on the 
mercury intrusion porosimetry analysis, the AFC sample 
had a smooth intrusion of mercury into pores from 1000 to 
10 nm. In contrast, the ADC sample had almost no intru-
sion over this range, indicating almost a complete lack of 
porosity associated with this pore range. Based on the rate 
performance results, these moderately sized ion diffusion 

channels appear to play an important role for ion diffusion 
and transport.

Therefore, combining the gas adsorption, mercury intru-
sion porosimetry, SEM, and EDLC rate performance results, 
several observations may be made. It is observed that both 
the ADC and AFC have similar SSA-normalized capacitance 
values in the 4 M KOH and 0.4 M KOH electrolyte at the 
slowest charging rates. As such, it can be concluded that the 
intrinsic or maximum capacitance of a material is primarily 
affected by the small mesopores and micropores.

The large mesopores and macropores are critical to allow 
for rapid ion diffusion into the porous structure, and improve 
the rate performance of a material. The presence of the well-
connected, concentric layering of the AFC sample results 
in a significant improvement in rate performance for the 
ion depleted electrolyte. Therefore, the results suggest that 
pores between 10 and 1000 nm are critical for high power 
applications.

4  Conclusions

Ion diffusion into and out of porous carbon EDLC elec-
trodes is critical to maximize the rate performance and 
power delivery of a material. In this study, AFC and ADC 
are compared in order to identify key structural features that 
enhance EDLC performance. The AFC and ADC samples 
have similar pore size distributions and total SSA associ-
ated with pores of diameters < 10 nm in diameter. The main 
structural differences between the AFC and ADC samples 
is the large mesopores and macropore structure as observed 
using mercury intrusion porosimetry and SEM. By com-
paring the electrochemical performance of these devices in 
EDLCs, the relationship between different structural features 
and EDLC performance has been investigated.

There are two main conclusions that can be drawn from 
this analysis.

1. The micropores and small mesopores primarily affect 
the SSA-normalized capacitance of a material. Both the 
ADC and AFC samples have similar structures in this 
range and similar SSA-normalized capacitance values.

2. A well-connected meso-structure and macrostructure, 
with rapid diffusion is critical for improved rate perfor-
mance, especially in ion depleted electrolytes. This was 
achieved by the pores in the AFC sample with diameters 
between 10 and 1000 nm.

Therefore, based on these results, depending on the 
application, it is critical to achieve a good balance in pore 
size distribution. A large surface area associated with sub-
nanometer micropores and small mesopores is required in 
order to maximize intrinsic capacitance and energy density. 
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However, it is also critical to ensure that the meso-structure 
and macrostructure are interconnected allowing for rapid 
electrolyte diffusion. This will ensure that ions can rapidly 
move to and from the electrode surface during charging.
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