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Porous electrode capacitors are used extensively in systems which store energy, harvest mixing energy,
or desalinate water. These electrodes can possess a hierarchical pore structure with larger macroscale
pores allowing for facile ion and fluid transport, and smaller, nanometer-scale pores enabling significant
ion storage. We here present a combined theoretical (linear circuit model) and experimental (electro-
chemical impedance spectroscopy) study of porous carbon electrode capacitors which integrate nano-
scale pores into a micron-scale porous network. Our experiments are performed on a set of custom-
fabricated hierarchical carbon aerogel electrodes with varying pore structure, including electrodes
with sub-nanometer (sub-nm) pores. Our combined theory and experimental approach allows us to
demonstrate the utility of our model, perform detailed characterizations of our electrodes, study the
effects of pore structure variations on impedance, and propose hierarchical electrode design and char-
acterization guidelines. Further, we demonstrate that our approach is promising toward the detailed
study of ion storage mechanisms in sub-nm pores.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Porous carbon electrodes are extensively used as capacitors in
many applications, including energy storage, energy harvesting,
and water desalination [1e3]. In these systems, a pair of porous
electrodes are filled with electrolyte and electrically charged. The
resulting electric field causes ions in the liquid phase to transport
into electric double layers (EDLs) on electrode surfaces. In electric
double layer capacitors used for energy storage, ions are first stored
in the EDLs, and subsequently the electrode pair is discharged
through a load to deliver power on demand [3,4]. In energy
tadermann), juan.santiago@
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harvesting applications, charged electrode pairs harvest the mixing
energy of sea and river water through mechanisms such as EDL
expansion/contraction or by leveraging the Donnan potential
[2,5,6]. In desalination applications, charging the electrode pair
removes significant amounts of salt ions from a liquid electrolyte
(such as brackish water), and energy can be recovered when the
ions are released into a brine stream [1,7e11].

In many porous electrode capacitor systems, the electrode pore
structure consists largely of nanoscale pores in order to maximize
ion storage capacity [1,11e13]. However, such a pore structure can
limit charge and discharge kinetics by impeding ion transport [14].
High impedance to ion transport within the pore structure slows the
temporal response, and so reduces device power density or increases
time required for desalination. To prevent such transport limitations,
several studies have proposed and analyzed electrodematerials with
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Fig. 1. a) Schematic of a single, finite length transport pore with a number m of equally
spaced, branching storage pores. b) The circuit model used to describe the impedance
of the structure shown in a). This impedance consists of a distributed network of the
transport pore resistance, Rt,1, and the transport pore wall impedance, Zw,1. Zw,1 is a
parallel combination of the transport pore EDL capacitance, Ct,1, and the impedance
attributed to the m storage pores Zs,m. Within the dotted lines, we show the circuit
model representing the impedance of a single storage pore, which is a distributed
network of that pore’s resistance, Rs,1 and capacitance, Cs,1.
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a hierarchical pore structure [7,15e19]. These electrodes typically
contain a continuous, larger diameter pore network for low-
resistance ion transport (typically macro- or mesoscale pores).
These larger pores connect to smaller diameter pores that provide
high specific surface areas used for ion storage (typically micro- or
mesoscale pores). In addition to potentially improving ion transport,
hierarchical electrodes lower the resistance to fluid flow through the
electrode. Low impedance to fluid flow is essential for desalination
devices with “flow-through” architecture wherein feed stream is
transported primarily through the electrode itself [7].

Electrochemical impedance spectroscopy (EIS) measurements
of porous electrode impedance have proven to be a powerful tool
in electrode design and characterization, and have been used
extensively [4]. However, circuit models commonly used to
interpret porous electrode impedance are not appropriate for
porous electrodes with a hierarchical pore structure, as they are
either overly-simple (e.g., an RC circuit) [20], consist of trans-
mission line or ladder network representations of porous elec-
trodes with unimodal, non-hierarchical pore structure [3,21,22], or
capture the effects of a continuous pore size distribution of par-
allel pores [23]. Surprisingly, despite the widespread development
of hierarchical porous electrode capacitors and their frequent
characterization by EIS [24e27], few previous studies interpreted
their EIS results using circuit models specifically for hierarchical
electrodes. Exceptions include the work by Eikerling et al. and
Yoon et al. [19,28]. Eikerling et al. presented a circuit model
capturing the impedance of a hierarchical electrode consisting of
an amalgamation of porous carbon agglomerates [19]. Yoon et al.
described a model capturing the impedance of templated hexag-
onal mesoporous carbon electrodes [28]. However, each of these
ad hoc circuit models was material specific and complex. For
example, the model of Eikerling et al. captures the impedance of a
multi-scale pore structure within the carbon agglomerates by
using a complex self-affine Cantor-block model [19]. Further, in
these works, limited experimental results were presented. The
work of Eikerling et al. and Yoon et al. each presented EIS results
from a single electrode material with varying electrode thickness
[19,28].

We here present a combined theory (linear circuit model) and
experimental (EIS) study using a set of newly-developed hierar-
chical carbon aerogel monolith (HCAM) electrodes which have a
bimodal pore size distribution. These electrodes have been applied
successfully to energy storage [29,30], and water desalination
systems [7]. HCAM electrode materials are fabricated initially with
a continuous micron-scale pore network. Nanoscale features are
then etched into the surfaces of this network by thermal activation
[31]. The set of electrodes we use in this study includes both
unactivated samples and activated samples with varying activa-
tion times (time the sample is exposed to a high temperature CO2
environment). By tuning the activation time, we can controllably
vary the pore structure of our hierarchical electrode, and study the
effects of this alteration on measured impedance. Additionally, we
present and analyze a simple circuit model representing a hier-
archical electrode with strongly bimodal porosity (i.e. with
nanoscale pores integrated into a micron-scale pore network). Our
combined model and experimental results allow us to demon-
strate the utility of our model, provide detailed characterizations
of our HCAM electrode set, study the effect of pore structure
variations on electrode impedance, and present guidelines toward
hierarchical electrode design and characterization. We further
show evidence suggesting our techniques can enable the detailed
study of hierarchical electrodes with sub-nanometer (sub-nm)
diameter pores, where sub-nm pores have generated significant
interest for enabling high energy density electrochemical capaci-
tors [32,33].
2. Theory

We here present a linear circuit model representing the
impedance of a hierarchical porous electrode with bimodal
porosity. The model represents a morphology where smaller
nanometer or sub-nm scale “storage” pores are integrated into the
surfaces of a network of larger “transport” pores. We build our
circuit model based on the idealized structure shown in Fig. 1a: A
finite length transport porewith an amountm of smaller, branching
storage pores equally distributed along the length of the transport
pore. Consistent with traditional and widely-used assumptions for
porous electrode impedance models [3,19,21], we model each of
the two sets of pores as having a uniform cross-section; we assume
negligible resistance of the electrode solid phase; and we assume
that the pores are completely filled with a uniform electrolyte. As
per Fig. 1b, we model the hierarchical pore impedance, Z, as a
distributed network of the transport pore electrolyte resistance, Rt,1,
and the transport pore wall impedance, Zw,1 [21,34]:

Z ¼ �
Rt;1Zw;1

�1=2cothh�Rt;1=Zw;1
�1=2i

: (1)

In our notation, the first subscript denotes a property of the
transport pore, “t”, the transport pore wall, “w”, or of the storage
pore, “s”. With the second subscript, we denote either a property of
a single pore, “1”, or the effective property of “m” pores in parallel.
In Eq. (1), Rt,1 and Zw,1 are each in units of Ohms. We describe Zw,1 as
a parallel combination of the EDL capacitance of the transport pore
wall, Ct,1, and the impedance of them branching storage pores, Zs,m:

Zw;1 ¼ Zs;mj
j� uCt;1Zs;m

: (2)

Here, u is the angular frequency of the input signal and j is the unit
imaginary number. We further model each individual storage pore
as a distributed network of the storage pore electrolyte resistance,



Fig. 2. Nyquist plot of the impedance of a hierarchical electrode with bimodal pore
size distribution. The real axis is scaled by Rt/3, and the imaginary axis by 1/(ufCs). We
plot the impedance for a frequency range of 50 mHze100 kHz, Cs ¼ 1 F, Ct ¼ 0.01 F,
Rt ¼ 1 U, and Rs ¼ 0.001Rt (black line), 0.01Rt (long dashes), 0.1Rt (dash-dot), Rt (dot),
and 10Rt (short dashes). The impedances for Rs ¼ 0.001 and 0.01Rt are approximately
the same for all frequencies, and so these curves are largely indistinguishable in the
plot. For the case of small Rs, Rs � 0.01Rt, impedance curves are independent of Rs, have
a 45� phase angle at higher frequencies, and asymptote to a value of approximately
unity on the real axis. For non-negligible Rs, Rs � 0.1Rt, impedance varies strongly with
Rs, the phase angle at high frequencies is significantly lower than 45� , and the real axis
asymptote is greater than unity and increases with Rs.
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Rs,1, and the storage pore’s EDL capacitance, Cs,1 (see Fig. 1b). The
impedance associated with the m storage pores, Zs,m, is then [34]:

Zs;m ¼ ð1� jÞ
�

Rs;m
2uCs;m

�1=2

coth
h
ð1þ jÞ�uRs;mCs;m=2�1=2

i
; (3)

where Rs,m is the total resistance associated with all the storage
pores lining the transport pore wall (Rs,m ¼ Rs,1/m), and Cs,m is total
capacitance contributed by storage pores (Cs,m ¼ mCs,1). Thus, Eqs.
(1)e(3) describe the impedance of our hierarchical pore using four
parameters, Rt,1, Rs,m, Ct,1 and Cs,m. The model for a pore is extended
to that of an electrode by approximating the electrode pore struc-
ture as many, non-intersecting, hierarchical pores in parallel. To
model the electrode, we use Eqs. (1)e(3) but replace Rt,1 with Rt, the
electrode resistance associated with transport pores (Rt ¼ Rt,1/n,
where n is the number of parallel transport pores in the electrode),
Rs,m with Rs, the electrode resistance associated with storage pores
(Rs ¼ Rs,1/(nm)), and Ct,1 and Cs,m with Ct and Cs respectively
(Ct ¼ nCt,1, Cs ¼ nmCs,1).

Our intent with this four-parameter representation is to
construct a model which is as simple as possible but still captures
some of the complexity of an electrode with hierarchical and
bimodal pore structure. Electrodes which instead consist of porous
carbon agglomerates, where the agglomerates’ internal pore
structure has several scales for pore size, may require more com-
plex multi-scale or continuous-scale models, as presented by, for
example, Eikerling et al. [19]. The models of Yoon et al. and Bazant
describe the impedance of a hierarchical electrode with bimodal
porosity, but do not account for the transport pore capacitance as
we do here [28,35]. As we demonstrate in Supplementary
information, Section 1, the transport pore capacitance is an
important parameter in describing the impedance of hierarchical,
bimodal electrodes. We note that the resistance of the nanoscale
storage pores, Rs, can potentially be affected by many parameters
such as specific pore topology, pore surface charge, and surface
chemistry [9,36,37]. In our model, we cannot individually resolve
these effects.

In Fig. 2, we plot the complex impedance given by Eqs. (1)e(3),
for an example case of Cs ¼ 1 F, Ct ¼ 0.01 F, Rt ¼ 1 U, and for selected
values of Rs ranging from Rs ¼ 0.001Rt to 10Rt (see Fig. 2 caption for
legend). Impedance is plotted for an input frequency range of
100 kHz to 50mHz, where 100 kHz corresponds to the point closest
to the origin of each curve, and the magnitude of impedance in-
creases with decreasing frequency. Here, we choose Cs >> Ct to
reflect the significantly higher surface area associated with storage
pores in typical hierarchical electrodes. Further, we scale the real
axis by Rt/3 and the imaginary axis by 1/(ufCs), where uf is
2p(50 mHz). The real axis scaling is motivated by the observation
that the total electrode resistance is thrice the real axis asymptote
value [34,38]. The imaginary axis is scaled by the magnitude of the
impedance of a planar capacitor with capacitance Cs at frequency
uf. In Fig. 2, we note several differences between impedance curves
for the case of small Rs (Rs << Rt), and those with significant Rs. For
small Rs, Rs ¼ 0.001Rt and 0.01Rt, the electrode impedances are
approximately equal at all frequencies. The impedance curves for
low Rs values are characterized by a 45� phase angle at higher
frequencies, and a real axis asymptote at the lowest frequencies (to
a value of unity on the scaled x-axis). The 45� phase angle and real
axis asymptote are features commonly associated with the
impedance of finite length porous electrodes [19,34]. Also, the real
axis asymptote of unity indicates that the total resistance of the
hierarchical electrode is approximately that of the transport pores,
Rt. On the other hand, when Rs is within an order of magnitude of Rt
or greater, Rs � 0.1Rt, we observe that impedance curves vary
significantly for different values of Rs, the phase angle at higher
frequencies departs significantly from 45�, and the real axis
asymptote is higher than unity and increases with Rs. For example,
for the case where Rs ¼ Rt, the phase angle is approximately 22.5�

for frequencies below 1 Hz. Also, for Rs ¼ Rt, the x-axis asymptote is
2, indicating that the total resistance of the electrode is 2Rt,
consistent with the increasing importance of the resistance of the
storage pores.

We make several important observations from our model re-
sults for the (common) case where Cs >> Ct. First, small Rs
(Rs << Rt) is desired for device operation, as here the storage pores
can add significant capacitance and system performance but
negligible resistance. In this regime, further minimization of elec-
trode ionic resistance can only occur by decreasing transport pore
resistance, Rt. For the case of significant Rs relative to Rt, storage
pores add significantly to overall electrode ionic resistance, and so
both Rs and Rt are important parameters governing electrode per-
formance. Second, the model suggests that impedance measure-
ments can be used to quickly characterize whether a given
electrodematerial has a small or large Rs. This can be ascertained by
observing the phase angle at higher frequencies; if this angle is
about 45�, then Rs is small (relative to Rt), but if the angle is instead
significantly less than 45�, this indicates that Rs may be non-
negligible. Third, the model given by Eqs. (1)e(3) potentially al-
lows for detailed characterizations of hierarchical electrodes, as by
fitting this model to experimental data, we can potentially extract
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both the capacitance and resistance associated with solely storage
pores and also that associated with solely transport pores.

As noted by de Levie, the phase angle observed at high fre-
quencies (where the pore can be considered semi-infinite) is half
that of the pore wall impedance [34]. Thus, for a hierarchical pore
with small Rs, the 45� phase angle shown in our model results in-
dicates that in this case the wall impedance can be approximated
by a capacitor. It is thus possible to simplify the model given in Eqs.
(1)e(3), for the case Rs << Rt, to the following:

Z ¼ ð1� jÞ
�

Rt
2uCs

�1=2
coth

h
ð1þ jÞðuRtCs=2Þ1=2

i
: (4)

In Eq. (4), we represent our hierarchical pore by a transmission
line circuit where the wall impedance is simply the capacitor Cs (we
assumed Cs >> Ct). This model contains only two parameters, Rt
and Cs, and can be used to fit to EIS data fromwell-designed (ideal)
hierarchical electrodes (with Rs << Rt and Cs << Ct).

3. Experimental methods

To further explore the impedance of hierarchical porous carbon
electrodes with bimodal porosity, we ran EIS experiments on a set
of hierarchical carbon aerogel monolith (HCAM) electrodes.
Importantly, we varied the pore structure of our electrodes in a
controlled manner via use of thermal activation and variations of
thermal activations times [31]. This allowed us to, for the first time,
study the effect of pore structure variations on measured impe-
dance of capacitive hierarchical electrodes.

3.1. Electrode fabrication

Our electrodes were prepared as described in detail by Baumann
et al. [31], and so we will only summarize preparation details here.
The aerogels were fabricated using the solegel polymerization of
resorcinol with formaldehyde, and with acetic acid as a catalyst.
The use of acetic acid catalyst enabled the formation of an inter-
connected micron-scale pore network which served as transport
pores [31]. This base, or unactivated, material was then cut into
several slabs, one of which was left unactivated, and the remaining
slabs each underwent treatments of thermal activation in CO2 at
950 �C for varying times including 2, 4 and 5.5 h. The activated and
unactivated aerogels used in EIS measurements were all cut into
approximately 5.5 � 5.5 � 1 mm pieces using a Dremel tool (Dre-
mel, Racine, WI). This latter set of cut electrodes was used in our EIS
measurements.
Fig. 3. SEM images used to characterize the transport pore network of our HCAM electrod
sample. We observed that both the unactivated and the activated material possess a trans
qualitatively that activation enlarges micron-scale transport pores and results in a finer-sca
3.2. Electrode pore structure characterization

We acquired scanning electron microscopy (SEM) images of our
porous carbon electrodes to characterize the effect of thermal
activation on the transport pore network. Fig. 3 shows SEM images
for an unactivated sample and a thermally activated sample at the
same imaging scale. To create the two samples shown in Fig. 3, an
unactivated slab was cleaved into two parts, one of which was
thermally activated for 5 h and the other remained unactivated.
SEM characterization was performed on a JEOL 7401-F (Peabody,
MA) at 5e10 keV in secondary electron imaging mode with a
working distance of 2e8 mm. Sample dimensions were roughly
10 � 10 � 1 mm. Due to the high electrical conductivity of the
carbon aerogels, conductive coating of samples was not required for
SEM imaging. In Fig. 3a, we show the SEM image of the unactivated
sample’s micron-scale pore network (see Supplementary
information, Section 2 for higher magnification SEM images). In
Fig. 3b, we show the micron-scale pores of the activated sample,
and observed a modified micron-scale pore network including
larger micron-scale pores and a more open pore structure charac-
terized by sub-micron features and sharper edges. Note the higher
density of features including thin carbon ligaments.

Fig. 4 shows the results our N2 adsorption measurements as
incremental pore volume vs. pore size for various HCAM samples.
These measurements serve to characterize the storage pore size
distribution of our electrodes. The N2 adsorption isotherms were
measured with an ASAP 2020 Surface Area Analyzer (Micromeritics
Instrument Corporation). Samples of approximately 0.2 g were
heated to 300 �C under vacuum (10�5 Torr) for at least 24 h to
remove adsorbed species, and nitrogen adsorption data were then
collected at relative pressures from 10�7 to 0.3 at 77 K. The pore size
distributions were calculated using Micromeritics DFTPlus v3.01
software. As seen in Fig. 4, the unactivated material’s storage pores
are largely sub-1 nm (thick line with squares). The total (cumula-
tive) volume associated with the storage pores in the unactivated
material is 0.094 cm3 g�1. Upon thermal activation for 2 h, the total
volume associated with the nanoscale pores increases significantly
to 0.58 cm3 g�1 (thin line with diamonds), and then increases
further to 0.99 cm3 g�1 at 5.5 h activation (thin line with right
pointing triangle). Further, for samples activated longer than 2 h,
the majority of the measured volume is attributed to pores of be-
tween 1 and 3 nm. The maximum measured storage pore size in-
creases from w1 nm on the unactivated sample to nearly 3 nm for
the 5.5 h activated sample.

We also measured electrode porosity through dry/wet mea-
surements of electrode mass. The electrode was weighed dry, then
es. a) An SEM image of an unactivated HCAM sample and b) of a 5 h activated HCAM
port pore network with order 1 mm pores. Comparing images a) and b), we observe
le network of connected, thin carbon ligaments.



Fig. 4. Results of N2 adsorption measurements used to measure the storage pore size
distribution of our HCAM electrode set. Results are plotted as incremental pore volume
vs. pore size. The volume measured for the unactivated sample is contained nearly
exclusively in sub-nm pores, while that of the samples activated for over 2 h is largely
attributed to 1e3 nm pores. The total measured storage pore volume is 0.094 cm3 g�1

for the unactivated sample, and increases significantly upon thermal activation to
0.99 cm3 g�1 for the 5.5 h activated sample.
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was infiltrated with DI water by sonication for 10 min (FS30 Ul-
trasonic Cleaner, Fisher Scientific, Waltham, MA). Water was
removed from the wet electrode surface using a Kimwipe (Kim-
berly-Clark, Neenah, WI), and the electrode was then weighed
again. The porosity of our unactivated electrode was 0.60 and that
of our 5.5 h activated electrode 0.81, consistent with a significant
increase in void volume due to thermal activation.

3.3. EIS measurements

We performed EIS measurements in a three-electrode setup
with an Ag/AgCl reference electrode (Fisher Scientific, Waltham,
MA) and Pt foil counter electrode (Alfa Aesar, Ward Hill, MA). In
Fig. 5, we depict our custom-fabricated working electrode setup.
Here, we held the HCAM sample between two 2 � 2 cm Teflon
plates (McMaster-Carr, Robbinsville, NJ). The front Teflon plate
(facing the reference and counter electrode) had a 5 � 5 mm
window laser ablated into its center (Universal Laser Systems,
Scottsdale, AZ). A 5� 0.5 cm sheet of Pt foil was placed between the
Fig. 5. Schematic of the working electrode setup used in EIS measurements. The
5.5 � 5.5 � 1 mm HCAM electrode is held in compression between two Teflon plates. A
window cut into the front Teflon plate allows for ionic current to enter and exit the
HCAM pore structure. A sheet of platinum foil pressed against the backside of the
HCAM electrode served as a current collector, and was connected to the potentiostat
working electrode lead.
rear Teflon plate and the HCAM sample. The top part of this foil was
connected to theworking electrode lead fromour potentiostat (Bio-
Logic, Claix, France), and the Pt foil served to apply voltage uni-
formly along the backside of the HCAM sample. A compressible
Teflon gasket (Gore, Newark, DE) was placed between the two
Teflon plates to seal the perimeter of theworking electrode setup. A
3 � 5 cm piece of Pt foil served as the counter electrode. The
working, reference, and counter electrodes were inserted into a
glass beaker which was filled with the sodium chloride solution of
interest. After inserting the working electrode into the cell, we
waited 1 h before performing experiments to allow for the cell to
equilibrate with the sodium chloride solution. EIS experiments
were performed in 0.5 and 2.5 M NaCl, where the 2.5 M results are
reported here, and the 0.5 M results served as a good comparison
case and are discussed in Supplementary information, Section 3.
Before each EIS experiment, we set the working electrode voltage
with our potentiostat (from 0.5 to �0.5 V vs. Ag/AgCl), and then
waited at least 10 min for the system to approach equilibrium (for
current to approach approximately zero). Due to the use of high
concentration NaCl, we expected no significant desalination (con-
centration gradients) in the transport pores of our electrode upon
application of the working electrode voltage. During EIS experi-
ments, we applied potential perturbations of amplitude 5 mV, and
scanned over a frequency range of 10 kHze10 mHz.
4. Experimental results

In Fig. 6, we show the results of our EISmeasurements on our set
of HCAM electrodes. The electrodes were held at a potential of 0 V
with respect to our Ag/AgCl reference electrode, and we applied a
5 mV amplitude sinusoidal voltage perturbation with a frequency
range of 10 kHze10 mHz. The impedance data is plotted as the
real component of impedance, Zreal, subtracted by the series resis-
tance, Rser, vs. the negative of the imaginary component of
impedance, �Zim (the black dots in Fig. 6). Rser is the (real) imped-
ance measured at 10 kHz, and represents the total resistance of the
Fig. 6. EIS measurements of unactivated, and several activated HCAM electrodes with
varying activation times. Inset shows a close-up of the near origin section of the figure.
Measurements were taken at 0 V vs. Ag/AgCl, with a 5 mV amplitude, and with a
frequency range from 10 kHz to 10 mHz. The black dots are the experimental data, and
the curves are the fitted circuit model results (using the model described in the Theory
section). The unactivated HCAM electrode exhibits a relatively large real axis asymp-
tote of approximately 25 U, and a sub-45� phase angle at higher frequencies. The
activated electrodes exhibit a constant 45� phase angle at higher frequencies, and a
relatively low valued real axis asymptote of less than 3 U.
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measurement system which is not associated with the porous
HCAM material. For each material, the impedance data nearest to
the origin (the black dot nearest to the origin) is the impedance
measured at the highest perturbation frequency, and as frequency is
lowered, the magnitude of the impedance increases. For each
sample, we show three sets of data representing three consecutive
frequency sweeps.

Fig. 6 shows EIS data for all four HCAM electrode activation
levels: unactivated and 2, 4, and 5.5 h activated. For the three
activated electrodes, we observed a measured impedance distri-
bution with an approximate 45� phase angle for frequencies above
about 1 Hz (see Fig. 6 inset for close-up of the high frequency data),
and a real axis asymptote at lower frequencies. Slight variations in
the impedance of the activated samples were also observed, as both
the real axis asymptote, and the magnitude of the imaginary
component at the lowest frequency varied between activated
samples. For example, the real axis asymptote for the 5.5 h elec-
trodewas about 1.5U, compared to a value of about 2.5U for the 4 h
activated sample. The latter variation reflects the difference in
resistance between the activated electrodes, and will be discussed
further in Table 1 and associated text. In contrast to the activated
HCAM samples, the unactivated HCAM material exhibited mark-
edly different impedance characteristics. At high frequencies
(above 100 Hz), the phase angle was roughly 45�, and phase angle
decreased to 22.5� at intermediate frequencies (1e0.1 Hz). At the
lowest frequencies of the order of 10 mHz, the value of Zreal � Rser
asymptoted to about a value of roughly 25 U.

We now offer an interpretation for the key characteristics we
observe in the measured impedances of our HCAM electrode set.
We make this interpretation in light of the trends suggested by the
circuit model described in the Theory section, and based on the
porosimetry measurements described in the Experimental
methods section. Firstly, the measured impedance of our three
hierarchical activated electrodes all demonstrate characteristics
consistent with negligible storage pore resistance, Rs (Rs << Rt): All
three electrodes show a 45� phase angle at higher frequencies, and
a relatively small real axis asymptote of about 1.5e2.5 U. Secondly,
the measured impedance of the unactivated HCAM sample dem-
onstrates the characteristics expected of a hierarchical electrode
with significant Rs. That is, the unactivated material demonstrates a
phase angle significantly less than 45� (approaching 22.5�) at
higher frequencies, and a relatively large real axis asymptote of
about 25 U. The porosimetry results shown in Fig. 4 support our
contention that a significant lowering of Rs occurs upon activation.
These results showed a nearly order of magnitude jump in gravi-
metric storage pore volume (from 0.094 to 0.58 cm3 g�1) between
the unactivated and 2 h activated HCAM sample. This data indicates
that thermal activation creates a significant amount of new nano-
meter scale features (new storage pores), consistent with previous
published descriptions of the effect of thermal activation on carbon
surfaces [31,39]. Further evidence of the creation of new nanoscale
Table 1
Parameters extracted from the model to data fits shown in Fig. 6. r is the resistivity
and C is the gravimetric capacitance, while the subscripts t and s refer to transport or
storage pores, respectively. Comparing the unactivated electrode to the 2 h activated
electrode, we see a drop in rt from 110.1 to 20.4 U cm, a drop in rs from 150.0 U cm to
a negligible value, and an increase in Cs from 46 to 85 F g�1 upon activation. As we
activate for longer times, rt decreases monotonically and Cs increases monotonically.

rt [U cm] rs [U cm] Ct [F g�1] Cs [F g�1]

Unactivated 110.1 150.0 2.5 46
Activated (2 h) 20.4 e e 85
Activated (4 h) 17.7 e e 110
Activated (5.5 h) 14.4 e e 113
features upon thermal activation can be seen in the SEM images of
Supplementary information, Section 2. As Rs is the resistance of all
storage pores in parallel (Rs ¼ Rs,1/[n � m], see Theory section),
increasing the number of storage pores is expected to reduce Rs.

To further characterize our materials and demonstrate the
model efficacy, we fit the EIS data shown in Fig. 6 to the circuit
model developed in the Theory section. We fit the unactivated
HCAM data to the circuit model given by Eqs. (1)e(3), and the
activated data to the simplified model valid for Rs << Rt, Cs >> Ct
given by Eq. (4). To perform these fits, we used a custom, non-linear
least squares fitting algorithm coded in Matlab (using the function
lsqnonlin) which minimized the sum of the imaginary and real
squared errors. We used four fitting parameters for the unactivated
data (Rs, Rt, Cs, Ct), and two for the activated data (Rt, Cs). In Fig. 6 we
show the fitted circuit model results as black curves, and these
curves closely follow the EIS data (black dots) for all four HCAM
samples. The root mean square error for the activated samples was
0.0046, 0.0048, and 0.0054 U for the 2, 4, and 5.5 h activated
samples, respectively, and 0.029 U for the unactivated sample. In
Table 1, we tabulate the parameters extracted from fitting the data
with our model. We normalized extracted capacitance by the dry
electrode mass and the extracted resistance by the electrode
thickness in the electric field direction/electrode cross sectional
area to obtain resistivity. As shown in Table 1, for the unactivated
electrode, the resistivity of the storage pores, rs, is measured to be
150 U cm, slightly higher than the 110 U cm measured for the
transport pores. Further, we measure a much higher capacitance
associated with the storage pores (46 F g�1) thanwith the transport
pores (2.5 F g�1). The latter result is expected, as we estimate that
the unactivated material’s transport pores have a surface area of
less than 10 m2 g�1, while that of the storage pores is several
hundred m2 g�1 [31]. We also measured a significant drop in re-
sistivity associated with the transport pores, rt, upon activation. For
example, rt drops by a factor of about 5 from the unactivated to the
HCAM sample activated for 2 h. We attribute this drop to the
observed etching out of the transport pore network upon thermal
activation (see Fig. 3), which increases the porosity and likely de-
creases the tortuosity (effective length) of the pore structure (see
Experimental methods section for porosity measurements). Table 1
also shows that the gravimetric capacitance of the thermally acti-
vated samples (85e113 F g�1) is significantly higher than that of the
unactivated sample (46 F g�1), consistent with the significant in-
crease in the amount of storage pores upon thermal activation. As
we increase activation times from 2 to 5.5 h, we measure a
monotonic decrease in rt from 20.4 to 14.4 U cm, and a monotonic
increase in Cs from 85 to 113 F g�1 at 5.5 h activation time. Note that
in Fig. 6, the resistance of the 2 h activated sample is less than that
of the 4 h activated sample (i.e. the real axis asymptote of the 2 h
sample is smaller than that of the 4 h sample). On the other hand, as
per Table 1, the resistivity value, rt, of the 2 h sample is higher than
the 4 h sample. The difference between resistance and resistivity
trends is due to a small difference in the geometries of our Dremel-
cut samples, where the 4 h activated sample had a slightly greater
thickness than the 2 h sample.

In Fig. 7a and b, we show the results of EIS measurements of the
2 h activated and unactivated HCAM, respectively, but here we
perform EIS with the electrode held at potentials varying from�0.5
to 0.5 V vs. Ag/AgCl. In the inset of b), we show a close-up of the
near-origin region of Fig. 7b. As seen in Fig. 7a, the activated ma-
terial exhibits a largely voltage-independent impedance, as all
impedance data approximately collapses along a single curve. In
contrast, as shown in Fig. 7b, the unactivated material exhibits a
strongly voltage dependent impedance. For the unactivated HCAM,
at 0 V (black dots in Fig. 7b) and �0.1 V (right facing triangles in
Fig. 7b), we note the high Zreal � Rser asymptote and the



Fig. 7. Results of EIS measurements on the a) HCAM electrode activated for 2 h and for
b) the unactivated HCAM electrode. Both electrodes were held at various applied
potentials from �0.5 to 0.5 V vs. Ag/AgCl (legend in b applies to both a and b). Inset in
b) shows a close-up of the near-origin region of b denoted as a dashed box. In a) we
observed that the activated electrode had an impedance that was largely voltage in-
dependent. In contrast, in b) the measured impedance of the unactivated electrode
shows a significant voltage-dependence. At low voltages of 0 and �0.1 V, the imped-
ance of the unactivated sample is about that shown in figure, with a relatively large x-
axis asymptote value, and a sub 45� phase angle at higher frequencies. At higher
voltages, the impedance curves change drastically, as the x-axis asymptote and the
imaginary component of the impedance at the lowest frequency (10 mHz) both
decrease significantly. Further, at high voltages, a semi-circle feature appears at high
frequencies over order 1 Hz (see inset).
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approximately 22.5� phase angle at intermediate frequencies. As
voltage magnitude is increased, we observe a lowering of the
Zreal � Rser asymptote value, and a decrease in the magnitude of Zim
at the lowest frequency (10 mHz). At high voltages, we further note
the presence of new features in the high frequency impedance (see
inset). For example, at 0.5, �0.5, and 0.25 V, we observe a semi-
circle-like feature spanning frequencies from 10 kHz to order 1 Hz.

We hypothesize that the strong voltage dependence of the
unactivated HCAM’s impedance is due to the sub-nm size of the
storage pores on this material (see Fig. 4). Chmiola et al. and
Segalini et al. previously demonstrated that electrodes with sub-
nm pores can exhibit high specific capacitance, and attributed
this to distortion of the ion’s solvation sheath as it enters the
charging pore [32,40]. Recently, molecular dynamics simulations
have demonstrated that this phenomenon can be strongly voltage
dependent [33]. That is, at low electrode voltages ions can be ste-
rically excluded from sub-nm pores, but at higher voltages, the ion
solvation sheath can distort allowing ion entry to be possible [33].
Thus, for a hierarchical electrode with sub-nm storage pores, we
may expect a strong potential-dependence of its impedance. More
specifically, we might expect an increase in measured storage pore
capacitance, Cs, and decrease in resistance associated with storage
pores, Rs, as voltage increases (as a higher number of storage pores
can accept ions). From the data in Fig. 7b and calculations described
in Supplementary information, Section 4, the measured resistance
of the unactivated electrode indeed decreased from 73.9 to about
10 U and the measured capacitance increased from 48.5 to
approximately 92 F g�1 as the voltage increased from 0 V to 0.5 V
(or decreased to �0.5 V). We note that the circuit model presented
in the Theory section must be modified to fit the entire frequency
spectrum of the high voltage data in Fig. 7b, as our model does not
capture the distinct semi-circular feature seen at high frequencies
(Fig. 7b inset). We present possible ameliorations to our circuit
model in Supplementary information, Section 4, and show that
including transport limitations for ions entering sub-nm storage
pores can result in semi-circular features in the model impedance.
The previous discussion highlights the potential of our combined
model and experimental approach as a first step toward detailed,
quantitative, EIS-based studies of the voltage-dependent mecha-
nisms governing sub-nm pore charging in hierarchical electrodes.
We also note that high-frequency semi-circle type features have
been observed in EIS studies of metal oxide pseudocapacitive
electrodes, where these features are attributed to electrochemical
reactions [41]. While carbon aerogel electrodes are typically not
associated with pseudocapacitive-type ion storage mechanisms
(without additional chemical treatments or insertion of metal ox-
ide particles) [42], we believe further study is still required to
conclusively exclude this explanation. Lastly, we note that an
alternative explanation for our observation of increased unac-
tivated HCAM electrode capacitance with increased bias voltage is
an increase in the carbon’s density of electronic states [43]. How-
ever, the latter phenomena does not, to our knowledge, account for
the observed decrease in unactivated HCAM electrode’s resistance
with bias voltage (see Fig. 7).

5. Conclusion

Hierarchically-structured porous carbon electrodes are
commonly used in energy storage, energy harvesting, and water
desalination applications. We here presented an impedance-based
theory and experimental study of hierarchical porous electrodes
with bimodal porosity (with nanoscale pores integrated into a
micron-scale pore network). We developed and analyzed a linear
circuit model, and this model is generally applicable to electrodes
with the latter pore structure. Using EIS, we measured the
impedance of a set of hierarchical carbon aerogel monolith (HCAM)
materials. In this set, we controllably varied the electrode’s pore
structure by varying thermal activation time. Combining the theory
and experiments, we performed detailed characterizations of our
HCAM electrode set, studied the effect of pore structure variations
on electrode impedance and performance, and demonstrated the
utility of our model. Further, we measured a strongly voltage
dependant impedance of our unactivated HCAM material, which
we attributed to the charging of the sub-nanometer storage pores
of this material.
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