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Abstract
Water purification is the rendering of non-potable water into water fit for human
consumption and use, and may involve many processes including desalination,
disinfection and decontamination of the water. The step of removing dissolved salts (the
desalination step) is typically the most expensive of the complete process, and so this step
has been the focus of intense engineering and scientific research for the past several
decades. Capacitive desalination (CD) is a promising emerging water desalination
technique as, relative to the established desalination technology reverse osmosis (RO), it
requires no membrane components, can operate at low (sub-osmotic) pressures, and can
potentially utilize less energy for brackish water desalination.
In a typical CD cell, the feed water flows through the separator layer between two
electrically charged, nanoporous carbon electrodes. This architecture results in significant
performance limitations, including an inability to easily (in a single charge) desalinate
moderate brackish water feeds and slow, diffusion-limited desalination. We here describe
an alternative architecture, where the feed flows directly through electrodes along the
primary electric field direction, which we term flow-through electrode (FTE) capacitive
desalination. Using macroscopic porous electrode theory, we show that FTE CD enables
significant reductions in desalination time and can desalinate higher salinity feeds per
charge. We then demonstrate these benefits using a custom-built FTE CD cell containing
novel hierarchical carbon aerogel monoliths as an electrode material. The pore structure
of our electrodes includes both micron-scale and sub-10 nm pores, allowing our
electrodes to exhibit both low flow resistance and very high specific capacitance (>100 F
g−1). Our cell demonstrates feed concentration reductions of up to 70 mM NaCl per
charge and a mean sorption rate of nearly 1 mg NaCl per g aerogel per min, 4 to 10 times
higher than that demonstrated by the typical CD cell architecture. We also show that, as
predicted by our model, our cell desalinates the feed at the cell's RC timescale rather than
the significantly longer diffusive timescale characteristic of typical CD cells.
We also present a combined theoretical (linear circuit model) and experimental
(electrochemical impedance spectroscopy) study of hierarchical porous carbon electrode
capacitors which integrate nanoscale pores into a micron-scale porous network. Our
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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
characterization guidelines. Further, we demonstrate that our approach is promising
towards the detailed study of ion storage mechanisms in hierarchical electrodes with subnanometer pores.
We further demonstrate a simple and novel experimental system for in situ
measurements of spatially and temporally resolved ion concentration between charging
electrodes in a CD cell. To our knowledge, our system is the first to demonstrate such
measurements. Importantly, as opposed to the commonly-used technique of effluent
conductivity measurements for studying CD cells, our system enables the study of salt
ion and desalination dynamics in a controlled environment without flow. Thus, our
approach enables detailed diagnostics of transport-related phenomena in CD cells, and
provides data which we use to validate modeling efforts.
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Chapter 1:
Introduction

1.1 Introduction to water purification and desalination
Water purification is the rendering of non-potable water into water fit for human
consumption and use, and may involve many processes including desalination,
disinfection and decontamination of the water [1]. Consistent access to potable water is
an important and growing issue facing many developing and developed countries [1].
Fresh water scarcity can be quantified by the water stress indicator (WSI), where a
geographic location with WSI > 1 has a water supply which does not meet human and
environmental demands [2]. Areas with WSI > 1 include parts of Southwestern USA,
Australia, China and several countries in the Middle East and Africa [2]. The problem of
water scarcity is expected to grow significantly in the coming decades, in large part due
to rising global temperatures and the resulting shrinking of glaciers which feed key rivers,
such as the Ganges and Yellow Rivers [1]. In Figure 1.1, we summarize the main existing
techniques to combat potable water scarcity. These including improved management of
existing freshwater supplies, and the boosting of supplies through wastewater
reclamation, or desalination of sea or brackish water sources [1]. A balanced water
management strategy should both utilize water resources efficiently, and develop active
means of delivering freshwater to combat shortages. Thus, water management strategies
should integrate all three techniques shown in Figure 1.1. For the rest of this thesis, we
will focus solely on the technique of sea and brackish water desalination.
Water desalination refers to the action of removing dissolved salt ions from water
to render the water potable. Dissolved salt levels are recommended to be below 600 mg/l,
and water above 1000 mg/l is generally unfit for human consumption [3]. In addition to
removing dissolved salts, a desalination plant must typically perform several other
functions, including pumping of feedwater to the plant, filtering particulates, disinfection
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and potential decontamination of feedwater, and disposal of the highly concentrated brine
stream (See Figure 1.1) [4]. The step of removing dissolved salts (the desalination step) is
typically the most expensive of the complete process, and so this step has been the focus
of intense engineering and scientific research for the past several decades [5]. A major
cost of desalination is the cost of the electrical or thermal energy required to remove salt,
which can account for nearly 1/3 of the total costs in a sea water reverse osmosis (RO)
desalination plant [5]. In 2008, the worldwide operational desalination capacity was
reported as over 37 million m3 freshwater per day, with the largest single plant in Saudi
Arabia having a capacity of nearly 1 million m3 of freshwater per day [5]. Further, the
worldwide desalination capacity is expected to double between 2008 and 2016 [6], which
will drive research and development of new and existing desalination techniques. Even
with these projections, the worldwide desalination capacity will still be less than 1% of
the total freshwater used in 2016 [5].

Figure 1.1: Schematic depicting the three major techniques for combating water scarcity
(in red rectangles), of which sea and brackish water desalination is one. For water
desalination, the step of removing salt from water is one of many steps in the complete
water purification process, which includes pumping feedwater, filtering particulates,
disinfection and decontamination of the water, and brine disposal (in orange rectangles).
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1.2 Review of desalination techniques
The two desalination techniques used in the vast majority of operational
desalination plants are reverse osmosis (RO) and multi-stage flash distillation (MSF) [1,
5]. In Figure 1.2, we describe the working principle of a) an RO, and b) an MSF
desalination system. The major component of an RO system is a semi-permeable
membrane which prevents the flow of salt through its bulk, but allows for the flow of
water [6]. By pressurizing an upstream feedwater above its osmotic pressure, pure water
can be forced through the membrane from the salt water side to the fresh water side.
Currently-used reverse osmosis membranes are typically thin film composites, consisting
of an ~100 nm thick rejection layer which blocks salt transport, and a thicker, porous
backing for mechanical support [6]. The pressures typically required by sea water RO
plants are 6-8 MPa, where the osmotic pressure of seawater is approximately 2.5 MPa
[7]. The required pressure is higher than the osmotic pressure in order to overcome
irreversible losses, such as friction losses in the membrane, and maintain a sufficient
fresh water throughput [6]. RO plants currently supply over 50% of the total worldwide
desalination capacity [1], and over 90% of the United States desalination capacity [5].
RO currently requires the lowest energy input of the established desalination techniques,
with a plant energy requirement of approximately 3-4 kWh/m3 of produced fresh water
for seawater desalination at roughly 50% water recovery [4-7]. The desalination step
itself can be accomplished with as little as 1.8 kWh/m3, while other operations such as
intake, pre-treatment of the feed and brine disposal, can require over 1 kWh/m3 [6]. RO
plant energy requirements are minimized by recovering energy from the pressurized brine
stream through use of turbines or pressure exchangers [5].
Multi-stage flash distillation systems are depicted schematically in Figure 1.2b. In
these systems, a series of vessels (i.e stages) are held at increasingly lower pressures, and
thus each vessel is characterized by an increasingly lower water boiling temperature [8].
Feedwater is first heated to a temperature above that of the boiling point of the first stage,
and then introduced into the first stage. In the first stage, part of the feed is transformed to
steam, and the rest remains to form a more concentrated brine solution which is passed
onto the next stage. The lower pressure of the following stage allows for a fraction of the
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brine stream to evaporate, resulting in more fresh water and further concentrating the
remaining brine. MSF plants may contain up to 40 stages, with temperatures of the stages
ranging from over 100°C to about 40°C [8]. The steam gained from distillation is
condensed into fresh water, typically by using the steam to heat incoming feedwater. The
single stage evaporation of water is exceptionally energy intensive, requiring
650 kWh/m3 [9]. MSF plants reduce the required energy by staging the distillation
process, and often by using waste heat from a co-located energy plant [9]. Despite the
latter methods, MSF typically requires significantly higher energy than reverse osmosis
plants, with optimized MSF systems requiring about 5-10 kWh/m3 of freshwater [9].
MSF plants are most typically located in the Middle East, where the cost of energy makes
MSF an economically viable desalination method [5].

Figure 1.2: Schematic of two commonly used water desalination systems: a) a reverse
osmosis (RO) desalination system, and b) a multi-stage flash (MSF) distillation system.
As shown in a), RO requires a semi-permeable membrane which allows a water flux but
does not permit transport of dissolved salt ions. When the feed is pressurized to above its
osmotic pressure, desalted water flows through the RO membrane. As seen in b), MSF
distillation uses subsequent stages with decreasing temperatures and pressures to
evaporate portions of a heated feedwater stream. The resulting steam is then condensed
into fresh water.
In addition to established and commonly used water desalination techniques such
as RO and MSF, intense research effort has been devoted to emerging desalination
techniques which leverage electric fields to desalinate water. These techniques include
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electrodialysis (ED), novel ion concentration polarization (ICP) based devices, capacitive
deionization, and desalination batteries. Electrodialysis and ICP-based devices both
utilize ion exchange membranes [10, 11]. When subjected to an applied electric field,
these membranes permit the flux of ions of either anions (an anion exchange membrane)
or cations (a cation exchange membrane). An electrodialysis system consists of
alternating anion and cation exchange membranes, where flow is directed parallel to the
membrane surface [10]. When applying an electric field perpendicular to all the
membranes, adjacent flows are either desalted or concentrated, resulting in alternating
fresh and brine streams at the downstream end of the membranes [12]. Newly-developed
desalination devices based on ion concentration polarization share similarities with ED
systems, but they use only a single ion exchange membrane. For example, the system of
Han et al. used an in-situ polymerized Nafion cation exchange membrane (a “nanojunction”) adjacent to a microfluidic channel carrying the feed water [11]. The device
leverages the depletion and enrichment zones which can form about an ion selective
element subjected to an applied electric field [13-17], where here the depletion zone
becomes the fresh water and the enrichment zone become the brine [11, 18].
Capacitive deionization (CDI), also known as capacitive desalination (CD),
systems are depicted schematically in Figure 1.3. In these systems, a pair of porous
carbon electrodes are charged to a voltage of approximately 1 V, causing ions to be
electrostatically removed from the feed and held in electric double layers (EDLs) along
the carbon electrode surfaces [19, 20]. Once the EDLs are fully charged, ions must be
released from the EDLs before performing more desalination, and this can be
accomplished through discharging the porous electrodes [20]. The ion release forms a
brine, which is removed from the system before starting another desalination cycle. When
charging a CDI cell to desalinate the feedwater, energy is simultaneously stored in a
manner analogous to a supercapacitor [21]. A fraction of the energy stored during
desalination can be captured upon discharge by using an appropriately designed electrical
circuit, improving the energy efficiency of the technique [22]. Another desalination
technique recently developed and named a “desalination battery” has several similarities
to CDI cells, in that it uses charged porous electrodes to store salt ions. For example, the
system recently developed by Pasta et al. utilized a Na2‑xMn5O10 nanorod positive
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electrode to store sodium ions and Ag/AgCl negative electrode to store chloride ions [23].
Unlike CDI cells, desalination batteries store salt ions through electrochemical reactions
which dynamically alter the electrode material’s chemical structure [23].

Figure 1.3: Schematic of the structure and operation of a capacitive deionization (CDI)
cell. The three frames shown are sequential snapshots in time of a desalination cycle
(time progresses from left to right). The cell consists of a pair of porous carbon electrodes
which are separated to prevent electrical contact. Initially, the system is filled with feed
water. Subsequently, a low voltage (of ~1 V) is applied across the electrode pair. Ions
are electrostatically attracted to the surfaces of the porous carbon, thus forming electric
double layers (EDLs) and desalting the feed water. When the carbon surface is fully
charged, the ions can then released by shorting the electrodes, forming a waste brine.
1.3 Thermodynamics of water desalination
The minimum energy requirement of the desalination process is that of a
reversible process between the initial state (feed water) and the final state (fresh water
and brine waste) [6]. This process is depicted schematically in Figure 1.4a. Practical
desalination processes are never reversible, and thus always require higher energy inputs
than the thermodynamic (reversible) minimum. The energy required of a reversible
process is independent of the path between the initial and final states, and thus the
reversible energy required for desalination is a common minimum for all possible
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desalination techniques. Optimized, pilot-scale reverse osmosis systems can operate with
energy requirements within two times the reversible minimum [6].
In Figure 1.4b, we show the calculated reversible energy requirements for the
desalination process of a sodium chloride feed solution, as depicted in Figure 1.4a. To
obtain this energy, we calculated the Gibbs free energy difference between the initial and
final states of the desalination process using the following formula from Yip et al. [24]:

⎧c
⎫
1− r
ΔGmix, fresh = 2RT ⎨ feed ln γ NaCl, feed c feed − c fresh ln γ NaCl, fresh c fresh −
cbrine ln (γ NaCl,brinecbrine ) ⎬ .
r
⎩ r
⎭

(

)

(

)

(1.1)
Here, ΔGmix,fresh is the Gibbs free energy required by the reversible desalination process
per volume of fresh water output. Also, R is the ideal gas constant, T is temperature, r is
the ratio of fresh water volume to feed water volume (the water recovery ratio), γNaCl is
the activity coefficient of the aqueous sodium chloride solution, and c is the molar
concentration of the sodium chloride solution. The concentration of the waste brine
solution, cbrine, is a function of cfeed, cfresh, and r, and is calculated with the following
equation:

cbrine =

1
r
c feed −
c fresh .
1− r
1− r

(1.2)

In Figure 1.4b, we plot the reversible energy requirements for the case of an ideal
solution with unity activity coefficients (black lines) and the case of a real solution with
sub-unity activity coefficients (dashed lines) vs. the water recovery ratio and for various
feed concentrations. The inset shows measurements activity coefficient of the sodium
chloride solution for various molar concentrations, compiled from Yip et al and Pitzer et
al. [24, 25]. For this calculation, we assume cfresh = 1.5 mM and T = 298 K. As can be
seen, the reversible energy requirements are strong functions of water recovery ratio and
feed concentration. The more concentrated the feed solution, or the higher the recovery
ratio, the higher the reversible energy requirement. At 600 mM (approximately sea water
ionic strength) and 0% recovery (i.e. desalting an infinitely small amount of water from
the finite volume feed water), we calculate the energy requirement for desalting real NaCl
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solutions to be 0.77 kWh/m3 of fresh solution, a value similar to that reported by other
works [1, 24]. For 50% water recovery, we calculate the reversible energy required to be
1.1, 0.16, and 0.011 kWh/m3 for 600 mM, 100 mM and 10 mM feed waters respectively,
illustrating the large drop in reversible energy required from sea water desalination to
high salinity or low salinity brackish water desalination. For a feed concentration of
600 mM, the dashed line in Figure 1.4b is truncated above a recovery ratio of 0.89
because at these recoveries, the concentration of the resulting brine is above that of the
solubility limit of aqueous sodium chloride (~ 5.4 M) [26].

Figure 1.4: a) Schematic of the beginning and end states of the water desalination
process with a water recovery ratio (ratio of fresh water to feed water volume) of r. b)
Energy requirements for the reversible desalination of an aqueous sodium chloride feed,
plotted vs. r and for various feed concentrations, cfeed. The solid lines represent the energy
required assuming unity activity coefficients, and the dashed lines account for sub-unity
NaCl activity coefficients (NaCl activity coefficients used, γNaCl, used are shown in the
inset). The dashed lines are truncated where the brine concentration is above the
solubility limit of aqueous sodium chloride (e.g. above r = 0.89 for cfeed = 600 mM).
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1.4 Historical review of capacitive deionization

Figure 1.5: A chronology of some of the key works in the field of capacitive deionization
(CDI), where we include the year of publication, the first author’s last name (in brackets)
and the contribution. A CDI-type system was first developed in 1960 by Blair et al. [27],
and over the next 5 decades, many researchers improved upon both the electrode
materials and system architectures. A macroscopic model for CDI was first developed in
1971 by Johnson & Newman [19], and was improved upon by Biesheuvel & Bazant in
2010 [28].
Capacitive deionization (CDI), or capacitive desalination (CD), is a promising
desalination technique which utilizes capacitive porous electrodes to remove salt from
sea water. As shown in Figure 1.4, a CDI cell typically consists of a pair of porous carbon
electrodes with a space or porous dielectric separator between them, and a voltage of
approximately 1 V is applied across the electrode pair [22]. This voltage causes salt ions
to be electrostatically attracted to the carbon surfaces, forming an electric double layer
(EDL). The feed water which is desalted is typically present in the separator space
between electrodes, although can be present instead in the pores of the electrodes [29,
30]. We here review the historical development of CDI, with a focus on novel and
impactful prototype systems, electrode materials, and theoretical developments.
Although previous publications credit the origin of CDI to a US government report in
1966 by Caudle et al. [22], an earlier description of a CDI-type system was given by Blair
and Murphy in 1960, with this latter work having begun at the University of Oklahoma in
1957 [27]. This work describes the use of “inert” porous carbon electrodes to
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demineralize water at low applied potentials, and identified porous carbons as a
promising electrode material for their electrochemical stability and low cost [27]. Work
on desalination with porous carbon electrodes was continued by the group of Johnson in
the 1970’s [19, 29]. This group developed a desalination system consisting of serially
arranged, cylindrical porous carbon electrode sets, in which the feed water flowed axially
through these electrodes [29]. However, the porous carbon electrodes used in their study
proved to be unstable after several hundred hours of operation [29]. They attributed the
latter reduction in performance to oxidation of the electrode removing chloride ions. In
1971, Johnson and Newman developed a model for CDI utilizing macroscopic porous
electrode theory [19, 31]. In this work, a simple electric double layer structure was
assumed, in which the EDL capacitance was assumed to be constant (independent of
voltage drop across the EDL) [19]. Macroscopic models coupling to more realistic EDL
structure models were developed several decades later, in 2010 and 2011, and described
in works by Biesheuvel, Bazant and co-workers [28, 32]. In the latter works, the EDL
structure model used was either the well-known Gouy-Chapman-Stern model [28], or a
modified Donnan model which assumed strongly overlapped double layers in the
micropores of carbon electrodes [32].
Work on CDI was continued in a series of works by Oren and co-workers in the early
to mid 1980s, which they termed “electrochemical parameteric pumping” [33]. In these
systems, a set of porous carbon electrodes were used to adsorb and then desorb salts into
a reciprocating flow between electrodes. In the mid-1990s, in a series of works, Farmer
and co-workers at Lawrence Livermore National Laboratory developed a novel CDI
system using carbon aerogels as an electrode material [20, 34, 35]. Carbon aerogels were
utilized due to their low density, high electrical conductivity, and unique pore structure
with tuneable, nanoscale pores. Farmer et al. developed a large-scale system involving
placement of nearly two hundred 6.86 x 6.86 cm electrode pairs in series [20]. The
feedwater flowed between the electrode pairs, and a fixed distance of 0.5 mm was
maintained between the electrode pairs [20]. However, this system was not capable of
practically desalinating brackish or seawater due to a limited salt removal per charge. For
example, this system removed only 20% of the salt from a 1000 µS/cm conductivity feed
(roughly the conductivity of tap water) [20]. Farmer et al. also ran experiments over a
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period of months to investigate electrode stability. Interestingly, they reported that any
degradation in electrode performance after several months was nearly completely
reversed upon reversal of the systems polarity. They attributed the latter effect to the
electrostatic repulsion of chemically bound salt ions from the carbon surface upon
voltage reversal [20]. The latter demonstrates an interesting potential of CDI systems to
“self-clean” through judicious use of the applied electric field. A subsequent work by
Gabelich et al. investigated the performance of carbon aerogel CDI systems using
realistic feed waters rather than solely lab-made salt solutions [36]. They studied the
effect of including natural organic matter in the feed water, and determined that these can
foul carbon aerogel electrodes and significantly decrease salt sorption. Further studies on
carbon aerogel systems were perormed by Xu et al. [37]. They built and studied both lab
and pilot-scale carbon aerogel CDI system using a wide range of salts and concentrations.
In the last ten years, the technique of membrane CDI (MCDI) has been introduced
and developed significantly [38, 39]. In these systems, two ion exchange membranes are
added to the CDI cell, with each membrane added between the separator and one of the
porous carbon electrodes. An anion exchange membrane is added in front of the
positively charged porous electrode, and the cation exchange membrane in front of the
negatively charged electrode. The purpose of the added membranes is to improve the
energy efficiency of the CDI process by forcing ionic current from/to the electrode to be
carried solely by counterions (ions with a sign opposite of the electrode wall charge) [39].
In 2006, Lee et al. developed, to our knowledge, the first published MCDI system [38].
MCDI models and systems were developed and published from 2010 and on by Zhao,
Biesheuvel, Van Der Wal and co-workers. [39-42]. The recent work by Zhao et al. on
MCDI systems has demonstrated that constant current operation (rather than constant
voltage) can lead to more uniform and controllable output water concentrations [41]. One
key remaining question is if potential reductions in energy costs due to the addition of ion
exchange membranes outweigh the increased cell infrastructure costs, and the potential
increased maintenance costs due to fouling of these membranes.
Over the past two decades, many novel carbon-based electrode materials have been
developed and utilized in CDI systems. Successful CDI electrodes require high mass and
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volume-specific capacitance (i.e. high salt sorption), high solid phase conductivity, low
resistance to ion transport in the liquid phase, low cost of materials and fabrication, and
electrochemical and chemical stability over thousands of charge/discharge cycles. The
work of Farmer et al. in the mid-1990s introduced carbon aerogels as electrode material
for CDI, which consist of largely sub-50 nm diameter pores [20]. Such pores can inhibit
ion transport due to frequent ion-wall interactions [43]. More recent works on CDI
systems focused on materials with a hierarchical pore structure, consisting of a
continuous network of larger pores (typically meso or macropores) connected to smaller
pores (typically meso or micropores) [30, 32, 44]. The larger pores allow for facile ion
transport, while the smaller pores enable high salt storage capacities. Several other novel,
carbon-based electrode materials have been developed, include graphene-based
electrodes [45], titania-modified activated carbon cloth electrodes [46], and carbon
aerogel-silicagel composites [47]. Work by Cohen et al. demonstrated that by tuning the
native surface charge of activated carbon fiber electrodes through surface chemistry
modifications, CDI electrode efficiency (i.e. charge efficiency) may be improved
substantially [48]. Although many novel and interesting electrode materials for CDI have
been fabricated and demonstrated, one of the most widely used CDI electrode materials
remains common activated carbons due to their low cost and widespread manufacture
[19, 39, 48, 49].
When a CDI cell is discharged, the energy released can be captured and utilized to
help power subsequent desalination cycles [22, 50]. However, little published work is
available on the design and performance of energy recovery circuits. Alkuran et al.
developed a buck-boost converter circuit used to capture energy released from the
discharging CDI cell [51]. Here, the authors proposed transferring the energy released
from a CDI cell to a supercapcitor through an inductor. Further, current through the high
resistance CDI cell is limited in order to minimize energy dissipation. Using a prototype
circuit, Alkuran et al. demonstrated the recovery of ~50% of the energy stored in the
charged CDI capacitor upon discharging [51].
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1.5 Why choose capacitive water desalination?
Reverse osmosis (RO) and multi-stage flash distillation are established water
desalination technologies which have been used in desalination plants for decades [5]. A
key question becomes: what makes capacitive desalination a technique meriting further
research and industrial investigation? As described below, CD has the potential to deliver
significant operational, infrastructure, and energetic advantages relative to RO and MSF.
In Figure 1.6, a plot of energy requirement estimates is shown vs. feed salt
concentration for RO (red line) and CD (blue lines). For RO, we assumed a 50% water
recovery, and that the irreversible energy loss associated with pumping a finite flowrate
through the RO membrane is approximately 1 kWh/m3 in an optimized RO system [6].
Thus the total energy required for RO is the sum of the reversible energy (see
calculations in Section 1.3) and the irreversible losses of 1 kWh/m3, as the latter losses
are largely independent of the feed concentration. For CD, we obtain a lower bounds for
energy requirements by modeling the CD system as a linear series RC circuit (see Figure
1.6 inset for the circuit diagram used). For this simple circuit, the energy supplied by the
power source to charge the capacitor is qV, where q is the charge stored onto the
capacitor, and V is the power source voltage. Thus, if we set q to be the charge storage
required to desalinate 1 m3 of feedwater, the energy supplied by the power source
becomes:
ECD =

c feed FV
(1− R).
3.6E6

(1.3)

Here, F is Faraday’s constant, the factor 3.6E6 converts from Joules/m3 to kWh/m3, V
was set to 1 V, and R is the energy recovery ratio. As described in Section 1.4, energy can
be recovered upon discharge of the CD cell by use of an RLC circuit [51]. We note that
our estimate is a lower bounds to the energy required by CD, as we have assumed a unity
electrode charge efficiency (that all current between EDL and bulk solution is carried by
counter ions) [48, 49], and we neglect the increase of the solution resistance due to
desalination (the R in the inset of Figure 1.6).
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Figure 1.6: Estimates of the energy required for RO and CD vs. feedwater concentration.
The reversible energy (black line) and RO energy requirement (red line) is plotted for
50% water recovery (r = 0.5). A lower bound estimate for CD energy requirements is
plotted for energy recovery, R, of 0, 25, 50, 75% (blue lines), and these were calculated
using the series RC circuit model shown in the inset. For seawater concentrations (~600
mM), the energy required by RO is significantly lower than CD for all energy recovery
ratios shown. As feed concentration is decreased, CD becomes more energy efficient than
RO below 41, 56, 86, and 207 mM for 0, 25, 50, and 75% energy recovery, respectively.
In Figure 1.6, we see that for all CD energy recoveries, the energy requirements for
the desalination of seawater (600 mM) are higher for CD than RO. We further observe
that as feed concentration decreases from 600 mM to 10 mM (approximately potable
water), the energy requirements for RO asymptotes to 1 kWh/m3. Thus, at 10 mM, the
RO reversible energy requirement (black line) is only a small fraction of the total RO
energy requirement, as here the irreversible losses from pumping water through the RO
membrane dominate. By contrast, CD energy requirements decrease linearly with feed
concentration, and so CD becomes more energy efficient than RO below feeds
concentrations of 41, 56, 86, and 207 mM for 0, 25, 50, and 75% energy recovery,
respectively. The above discussion and data in Figure 1.6, while only a rough estimate of
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the actual energy requirements for RO and CD, demonstrates the potentially favorable
scaling of CD energy requirements vs. RO energy requirements with decreasing feed
water salinity. Thus, CD is an attractive desalination technique for brackish water
desalination, where brackish water is over 80% of the yearly desalinated water volume in
the United States [5].
In addition to potentially enabling more energy efficient brackish water
desalination, CD has potential infrastructure and operational advantages over RO and
MSF. To perform desalination, RO requires a high pressure input of several MPa for sea
water desalination, and MSF requires a heat supply to heat water to between 40 and
100°C [6, 8]. In contrast, CD requires a low voltage of approximately 1 V to perform
desalination, a voltage which can be supplied by solar cells or batteries. Thus, CD has the
potential to enable a wide range of desalination systems, from single user to city-scale,
which require no high pressure pumps or heat sources and which can operate off an
electrical grid. A further advantage of CD is that CD can tune the effluent concentration
by carefully choosing applied voltage or current [41]. In RO, the effluent salt
concentration is fixed and is typically nearly completely desalinated (conventional RO
membranes deliver over 99% salt rejection) [6]. Thus, CD can be used for desalination
applications which do not require a near-complete salt removal, such as the remediation
of industrial wastewater for re-introduction into the environment. In these latter
applications, the effluent salinity may be higher than potable water, and so a technology
which can deliver user-specified effluent salinities can allow for significant energy
savings over RO. Lastly, RO membrane require chemical treatments to prevent scaling
and loss of membrane function [4]. CD systems have demonstrated that they may
potentially be able to self-clean by reversing the applied voltage polarity. For example,
Farmer et al. demonstrated, using lab-made salt water, that his CDI system nearly
completely recovered a decrease in performance observed over months of operation by
simply reversing the polarity [20].
1.6 Scope of the dissertation
In Chapter 2: we describe the advanced, impedance-based characterization of newly
developed porous electrode material known as hierarchical carbon aerogel monoliths
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(HCAMs). We present a novel framework for impedance-based studies of hierarchial and
bimodal porous electrodes, including a circuit model and impedance spectra
interpretations. We further describe the effect of pore structure variations on electrode
impedance, including electrodes with sub-nanometer sized pores. This work has
applications in the design and characterization of supercapacitor electrodes for energy
storage and capacitive desalination electrodes.
In Chapter 3: we present and analyze several models of capacitive desalination
systems. The first model uses macroscopic porous electrode theory coupled to a charging
Helmholtz electric double layer (EDL). We use this model to demonstrate the charging
dynamics in the porous electrode space and the separator space of a CD cell. We then
present a second model which uses a modified Donnan formulation and includes flow
through the electrodes. This latter model utilizes a more realistic EDL structure, and can
potentially enable comparison to experimental data from flow-through electrode
capacitive desalination systems.
In Chapter 4: we present the prototype fabrication and experimental characterization
of a novel flow-through electrode capacitive desalination prototype. The latter prototype
used, for the first time in a CD cell, newly developed hierarchical carbon aerogel
monolith electrodes. By using a flow-through architecture rather than the traditional flowbetween architecture, we demonstrate significant improvements in desalination time and
salt removal efficiency.
In Chapter 5: we present a novel visualization technique used to study ion and
desalination dynamics in the separator space of a charging CDI cell. The latter technique
provides spatially and temporally resolved measurements of salt concentration in a CDI
cell. We compare our experimental results to results predicted by modified Donnan
models, and discuss key observations in the salt ion dynamics. Finally, in Chapter 6 we
recap the important contributions of our work, and discuss potential future research
directions.
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Chapter 2
Impedance-based study of capacitive porous carbon
electrodes with hierarchical and bimodal porosity

2.1 Introduction:
Porous carbon electrodes are extensively used as capacitors in many applications,
including energy storage (supercapacitors), energy generation, and water desalination
[20, 52, 53]. 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 supercapacitors,
ions are first stored in the EDLs, and subsequently the electrode pair is discharged
through a load to deliver power on demand [53, 54]. In energy generation 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
[52, 55, 56]. 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 [20, 22, 28, 30, 39, 57].
In many porous electrode capacitor systems, the electrode pore structure consists
largely of nanoscale pores in order to maximize ion storage capacity [20, 21, 57, 58].
However, such a pore structure can limit charge and discharge kinetics by impeding ion
transport [43]. 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 electrode materials with a hierarchical pore structure [30, 32, 44, 59-61]. These
electrodes typically contain a continuous, larger diameter pore network for low-resistance
ion transport (typically macro- or meso-scale pores). These larger pores connect to
smaller diameter pores that provide high specific surface areas used for ion storage
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(typically micro- or meso-scale pores). In addition to 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 [30].
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 [54]. 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) [62],
consist of transmission line representations of porous electrodes with unimodal, nonhierarchical pore structure [53, 63], or capture the effects of a continuous pore size
distribution of parallel pores [64]. Surprisingly, despite the widespread development of
hierarchical porous electrode capacitors and their frequent characterization by EIS [6568], 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.
[61, 69]. Eikerling et al. presented a circuit model capturing the impedance of a
hierarchical electrode consisting of an amalgamation of porous carbon agglomarates [61].
Yoon et al. described a model capturing the impedance of templated hexagonal
mesoporous carbon electrodes [69]. 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 agglomarates by using a
complex self-affine Cantor-block model [61]. 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
[61, 69].
We here present a combined theory (linear circuit model) and experimental (EIS)
study using a set of newly-developed hierarchical carbon aerogel monolith (HCAM)
electrodes which have a bimodal pore size distribution. These electrodes have been
applied successfully to energy storage [70, 71], and water desalination systems [30].
HCAM electrode materials are fabricated initially with a continuous micron-scale pore
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network. Nanoscale features are then etched into the surfaces of this network by thermal
activation [72]. The set of electrodes we use in this study includes both unactivated
samples and activated samples with varying activation 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. To our knowledge, no existing porous electrode
circuit model accurately captures the impedance of our set of HCAM electrodes, and so
we present and analyze a simple circuit model representing a hierarchical 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 demonstrate 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
towards 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 supercapacitors [71, 73].
2.2 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 and 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 Figure 2.1a: A finite length transport pore with an amount m
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 [53, 61, 63], 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 Figure
2.1b, 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 [63,
74]:
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Z = (Rt ,1Z w,1 )1/2 coth[(Rt ,1 / Z w,1 )1/2 ] .

(2.1)

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. (2.1), 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
the m branching storage pores, Zs,m:

Zw =

Z s,m j
j − ω Ct ,1Z s,m .

(2.2)

Here, ω 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, Rs,1, and the storage pore’s EDL capacitance, Cs,1 (see Figure
2.1b). The impedance associated with the m storage pores, Zs,m, is then [74]:

Z s,m

⎛ Rs,m ⎞
= (1− j) ⎜
⎟
⎝ 2ω Cs,m ⎠

1/2

1/2
coth ⎡(1+ j) (ω Rs,mCs,m / 2 ) ⎤ ,
⎣
⎦

(2.3)

where Rs,m is the total resistance associated with all the storage pores lining the transport
pore wall (Rs,m = Rs,1/m), and Cs,m is total capacitance contributed by storage pores
(Cs,m = mCs,1). Thus, Equations (2.1)-(2.3) 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 structure as many, nonintersecting, hierarchical pores in parallel. To model the electrode, we use Equations
(2.1)-(2.3) but replace Rt,1 with Rt, the electrode resistance associated with transport pores
(Rt = 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 = Rs,1/(nm)), and Ct,1 and
Cs,m with Ct and Cs respectively (Ct = nCt,1, Cs = 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
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carbon agglomerates, where the agglomerates’ internal pore structure has several scales
for pore size, may require more complex multi-scale or continuous-scale models, as
presented by, for example, Eikerling et al. [61]. We note the model of Yoon et al.
describes the impedance of a hierarchical electrode with bimodal porosity, but does not
account for the transport pore capacitance as we do here [69]. As we discuss in Appendix
B, 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 [13, 14, 28]. In our
model, we cannot individually resolve these effects.

Figure 2.1: 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
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representing the impedance of a single storage pore, which is a distributed network of
that pore’s resistance, Rs,1 and capacitance, Cs,1.
In Figure 2.2, we plot the complex impedance given by Eqs. (2.1)-(2.3), for an
example case of Cs = 1 F, Ct = 0.01 F, Rt = 1 Ω, and for selected values of Rs ranging
from Rs = 0.001Rt to 10Rt (see Figure 2.2 caption for legend). Impedance is plotted for an
input frequency range of 100 kHz to 50 mHz, where 100 kHz corresponds to the point
closest to the origin of each curve, and the magnitude of impedance increases 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/(ωfCs), where ωf is 2π(50 mHz). The real
axis scaling is motivated by the observation that the total electrode resistance is thrice the
real axis asymptote value [74, 75]. The imaginary axis is scaled by the magnitude of the
impedance of a planar capacitor with capacitance Cs at frequency ωf. In Figure 2.2, we
note several differences between impedance curves for the case of small Rs (Rs << Rt),
and those with significant Rs. For small Rs, Rs = 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 [61, 76]. 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 = Rt, the phase angle is approximately 22.5° for frequencies below 1 Hz. Also,
for Rs = 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.
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Figure 2.2: 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/(wfCs). We
plot the impedance for a frequency range of 50 mHz to 100 kHz, Cs = 1 F, Ct = 0.01 F,
Rt = 1 Ω, and Rs = 0.001Rt (black line), 0.01Rt (long dashes), 0.1Rt (dash-dot), Rt (dot),
and 10Rt (short dashes). The impedances for Rs = 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.
We make several important observations from our model results 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 electrode ionic resistance can only
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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 performance. Second, the model
suggests that impedance measurements can be used to quickly characterize whether a
given electrode material 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. (2.1)-(2.3) potentially allows for detailed
characterizations of hierarchical electrodes, as by fitting this model to experimental data,
we can potentially extract 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 frequencies (where the pore
can be considered semi-infinite) is half that of the pore wall impedance [74]. Thus, for a
hierarchical pore with small Rs, the 45° phase angle shown in our model results indicates
that in this case the wall impedance can be approximated as a simple capacitor. It is thus
possible to simplify the model given in Eqs. (2.1)-(2.3), for the case Rs << Rt and Cs >>
Ct, to the following:
⎛ Rt ⎞
Z = (1− j) ⎜
⎟
⎝ 2ω Cs ⎠

1/2

1/2
coth ⎡⎢(1+ j) (ω Rt Cs / 2 ) ⎤⎥
⎣
⎦

.

(2.4)

In Eq. (2.4), we represent our hierarchical pore by a transmission line circuit where the
wall impedance is simply the capacitor Cs. This model contains only two parameters, Rt
and Cs, and can be used to fit to EIS data from well-designed (ideal) hierarchical
electrodes (with Rs << Rt and Cs << Ct).
2.3 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
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times [72]. This allowed us to, for the first time, study the effect of pore structure
variations on measured impedance of hierarchical electrodes.
2.3.1 Electrode fabrication
Our electrodes were prepared as described in detail by Baumann et al. [72], and so we
will only summarize preparation details here. The aerogels were fabricated using the solgel polymerization of resorcinol with formaldehyde, and with acetic acid as a catalyst.
The use of acetic acid catalyst enabled the formation of an interconnected micron-scale
pore network which served as transport pores [72]. 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 x 5.5 x 1 mm pieces using a Dremmel
tool (Dremel, Racine, WI). This latter set of cut electrodes was used in our EIS
measurements.
2.3.2 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.
Figure 2.3 shows SEM images for an unactivated sample and a thermally activated
sample at the same imaging scale. To create the two samples shown in Figure 2.3, 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 5-10 keV in secondary electron imaging mode with a working
distance of 2-8 mm. Sample dimensions were roughly 10 x 10 x 1 mm. Due to the high
electrical conductivity of the carbon aerogels, conductive coating of samples was not
required for SEM imaging. In Figure 2.3a, we show the SEM image of the unactivated
sample’s micron-scale pore network (see Appendix B, Section 2 for higher magnification
SEM images). In Figure 2.3b, we show the micron-scale pores of the activated sample,
and observed a modified micron-scale pore network including larger micron-scale pores
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and a more open pore structure characterized by sub-micron features and sharper edges.
Note the higher density of features including thin carbon ligaments.

Figure 2.3: SEM images used to characterize the transport pore network of our HCAM
electrodes. a) An SEM image of an unactivated HCAM sample and b) of a 5 h activated
HCAM sample. We observed that both the unactivated and the activated material possess
a transport pore network with order 1 µm pores. Comparing images a) and b), we observe
qualitatively that activation enlarges micron-scale transport pores and results in a finerscale network of connected, thin carbon ligaments.
Figure 2.4 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 hours 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 Figure 2.4, the unactivated material’s storage pores are largely sub-1 nm (thick
line with squares). The total (cumulative) volume associated with the storage pores in the
unactivated material is 0.094 cm3/g. Upon thermal activation for 2 h, the total volume
associated with the nanoscale pores increases significantly to 0.58 cm3/g (thin line with
diamonds), and then increases further to 0.99 cm3/g at 5.5 h activation (thin line with
right pointing triangle). Further, for samples activated longer than 2 h, the majority of the
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measured volume is attributed to pores of between 1 and 3 nm. The maximum measured
storage pore size increases from ~1 nm on the unactivated sample to nearly 3 nm for the
5.5 h activated sample.

Figure 2.4: 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 1-3 nm pores. The total measured storage pore volume is 0.094 cm3/g for the
unactivated sample, and increases significantly upon thermal activation to 0.99 cm3/g for
the 5.5 h activated sample.
We also measured electrode porosity through dry/wet measurements of electrode
mass. The electrode was weighed dry, then was infiltrated with DI water by sonication
for 10 min (FS30 Ultrasonic Cleaner, Fisher Scientific, Waltham, MA). Water was
removed from the wet electrode surface using a Kimwipe (Kimberly-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.
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2.3.3 EIS Measurements
We performed EIS measurements in a three-electrode setup with a Ag/AgCl
reference electrode (Fisher Scientific, Waltham, MA) and Pt foil counter electrode (Alfa
Aesar, Ward Hill, MA). In Figure 2.5, we depict our custom-fabricated working electrode
setup. Here, we held the HCAM sample between two 2 x 2 cm Teflon plates (McMasterCarr, Robbinsville, NJ). The front Teflon plate (facing the reference and counter
electrode) had a 5 x 5 mm window laser ablated into its center (Universal Laser Systems,
Scottsdale, AZ). A 5 x 0.5 cm sheet of Pt foil was placed between the rear Teflon plate
and the HCAM sample. The top part of this foil was connected to the working electrode
lead from our potentiostat (Bio-Logic, Claix, France), and the Pt foil served to apply
voltage uniformly 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 the working electrode setup. A 3 x 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 1h 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 Appendix B, Section
B3. 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 (concentration
gradients) in the transport pores of our electrode upon application of the working
electrode voltage. During EIS experiments, we applied potential perturbations of
amplitude 5 mV, and scanned over a frequency range of 10 kHz to 10 mHz.
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Figure 2.5: Schematic of the working electrode setup used in EIS measurements. The
5.5 x 5.5 x 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.
2.4 Experimental results
In Figure 2.6, we show the results of our EIS measurements 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 kHz to 10 mHz. The impedance data is plotted as the real
component of impedance, Zreal, subtracted by the series resistance, Rser, vs. the negative of
the imaginary component of impedance, -Zim (the black dots in Figure 2.6). Rser is the
(real) impedance measured at 10 kHz, and represents the total resistance of the
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.
Figure 2.6 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
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a measured impedance distribution with an approximate 45° phase angle for frequencies
above about 1 Hz (see Figure 2.6 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 electrode was about 1.5 Ω, compared to a
value of about 2.5 Ω 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 2.1 and associated text. In contrast to the activated HCAM samples, the unactivated
HCAM material exhibited markedly 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 (1 to 0.1 Hz). At the lowest frequencies of the order
of 10 mHz, the value of Zreal-Rser asymptoted to about a value of roughly 25 Ω.
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 Section 2.3.2. 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 1.5 to 2.5 Ω. Secondly, the measured impedance of the unactivated HCAM
sample demonstrates 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 Ω. The porosimetry results shown in Figure 2.4 support our
contention that a significant lowering of Rs occurs upon activation. These results showed
a nearly order of magnitude jump in gravimetric storage pore volume (from 0.094 to
0.58 cm3/g) between the unactivated and 2 h activated HCAM sample. This data indicates
that thermal activation creates a significant amount of new nanometer scale features (new
storage pores), consistent with previous published descriptions of the effect of thermal
activation on carbon surfaces [72, 77]. Further evidence of the creation of new nanoscale
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features upon thermal activation can be seen in the SEM images of Appendix, Section
B2. As Rs is the resistance of all storage pores in parallel (Rs = Rs,1/[n*m], see Section
2.2), increasing the number of storage pores is expected to reduce Rs.

Figure 2.6: 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 asymptote
of approximately 25 Ω, 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 Ω.
To further characterize our materials and demonstrate the model efficacy, we fit
the EIS data shown in Figure 2.6 to the circuit model developed in the Theory section.
We fit the unactivated HCAM data to the circuit model given by Eqs. (2.1)-(2.3), and the
activated data to the simplified model valid for Rs << Rt, Cs >> Ct given by Eq. (2.4). To
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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 Figure 2.6 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 Ω for the 2, 4, and 5.5 h activated samples, respectively, and 0.029 Ω
for the unactivated sample. In Table 2.1, 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 length/electrode cross sectional area to
obtain resistivity. As shown in Table 2.1, for the unactivated electrode, the resistivity of
the storage pores, ρs, is measured to be 150 Ω cm, slightly higher than the 110 Ω cm
measured for the transport pores.

Further, we measure a much higher capacitance

associated with the storage pores (46 F/g) than with the transport pores (2.5 F/g). 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, while that of the storage pores of the activated
material is several hundred m2/g [72]. We also measured a significant drop in resistivity
associated with the transport pores, ρt, upon activation. For example, ρt 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 Figure 2.3), which increases the porosity and likely decreases the tortuosity
(effective length) of the pore structure (see Experimental Methods section for porosity
measurements). Table 2.1 also shows that the gravimetric capacitance of the thermally
activated samples (85-113 F/g) is significantly higher than that of the unactivated sample
(46 F/g), consistent with the significant increase 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 ρt from 20.4 to 14.4 Ω cm, and a monotonic increase in Cs from 85
to 113 F/g at 5.5 h activation time.
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Table 2.1: Parameters extracted from the model to data fits shown in Figure 2.6. ρ 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 ρt from 110.1 to 20.4 Ω cm, a drop in ρs from
150.0 Ω cm to a negligible value, and an increase in Cs from 46 to 85 F/g upon activation.
As we activate for longer times, ρt decreases monotonically and Cs increases
monotonically.
ρt

ρs

Ct

Cs

[Ω cm]

[Ω cm]

[F/g]

[F/g]

Unactivated

110.1

150.0

2.5

46

Activated (2 h)

20.4

-

-

85

Activated (4 h)

17.7

-

-

110

Activated (5.5 h)

14.4

-

-

113

In Figure 2.7a and 2.7b, 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 the Figure 2.7b. As seen in Figure 2.7a, the
activated material exhibits a largely voltage-independent impedance, as all impedance
data approximately collapses along a single curve. In contrast, as shown in Figure 2.7b,
the unactivated material exhibits a strongly voltage dependent impedance. For the
unactivated HCAM, at 0 V (black dots in Fig 2.7b) and -0.1 V (right facing triangles in
Fig 2.7b), we note the high Zreal-Rser asymptote and the 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 Figure 2.4).
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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 [73, 78]. Recently, molecular dynamics
simulations have demonstrated that this phenomenon can be strongly voltage dependent
[71]. That is, at low electrode voltages ions can be sterically excluded from sub-nm
pores, but at higher voltages, the ion solvation sheath can distort allowing ion entry to be
possible [71]. 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 Figure 2.7b and calculations described in
Appendix B, Section B4, the measured resistance of the unactivated electrode indeed
decreased from 73.9 to about 10 Ω and the measured capacitance increased from 48.5 to
approximately 92 F/g 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 Section 2.2 must be modified to fit the entire
frequency spectrum of the high voltage data in Figure 2.7b, as our model does not capture
the distinct semi-circular feature seen at high frequencies (Figure 2.7b inset). We present
possible ameliorations to our circuit model Appendix B, Section B4. The previous
discussion highlights the potential of our combined model and experimental approach as
a first step towards detailed, quantitative, EIS-based studies of the voltage-dependent
mechanisms governing sub-nm pore charging in hierarchical electrodes.
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Figure 2.7: 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 Figure 2.7b applies to both 2.7a and
2.7b). Inset in b) shows a close-up of the near-origin region of Figure 2.7b denoted as a
dashed box. In a) we observed that the activated electrode had an impedance that was
largely voltage independent. 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
impedance of the unactivated sample is about that shown in Figure 2.6, 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).
2.5 Conclusions
Hierarchically-structured porous carbon electrodes are commonly used in energy
storage, energy generation, and water desalination applications. We here presented an
impedance-based theory and experimental study of hierarchical porous electrodes with
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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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Chapter 3:
Capacitive desalination dynamic transport models
[M. E. Suss, T. F. Baumann, W. L. Bourcier, C. M. Spadaccini, K. A. Rose, J. G.
Santiago, and M. Stadermann, "Capacitive desalination with flow-through electrodes,"
Energy & Environmental Science, vol. 5, pp. 9511-9519, 2012.] – Sections of this
chapter are reproduced by permission of The Royal Society of Chemistry
3.1. Macroscopic porous electrode model assuming Helmholtz EDL
3.1.1 Derivation of the governing equations
We here leverage macroscopic porous electrode (MPE) theory to elucidate and
contrast desalination performance in FB and FTE CD systems. MPE theory allows for a
formulation of transport equations based on volume averaged variables, where averaging
occurs over dimensions significantly larger than pore diameters yet small compared to the
electrode dimensions [31]. Thus, MPE models can be used to predict spatiotemporal
concentration and potential in a CD cell, while neglecting the often complex geometrical
details of the pore structure [19, 28]. MPE theory was first applied to CD electrodes by
Johnson and Newman [19], and was recently extended to include the effects of transient
Gouy-Chapman-Stern EDL charging by Biesheuvel and Bazant [28].
Following classic macroscopic porous electrode theory [31], we first apply the
differential form of the conservation of species i in the liquid phase of a control volume
sized to include a representative volume of liquid and solid phases. We then integrate this
conservation equation over the liquid volume, and use the divergence theorem and
appropriate averaging to derive the following transport equation (see Appendix C for
detailed derivation):
p

∂ci
= −∇ ⋅ N i + ajin ,
∂t

(3.1)
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where p is the porosity of the porous medium, ci is the concentration of species i volume
averaged over the liquid phase of the control volume, Ni is the molar flux of species i
averaged over total (solid and liquid) cross sectional area, jin is the molar flux of i
entering the liquid from the solid boundary averaged over the boundary area, and a is the
surface area of boundary per unit volume of electrode. Assuming one-dimensional
transport, dilute and binary electrolyte, electroneutrality, quiescent electrolyte, and no
faradaic electrochemical reactions, we can write the following transport equations for the
counter and co-ions in a porous, charging electrode:

∂c
∂ ⎛ ∂φ ⎞
∂2 c
p = pFzcountν count ⎜ c ⎟ + pDcount 2 + ajcount ,
∂t
∂x ⎝ ∂x ⎠
∂x

p

∂c
∂ ⎛ ∂φ ⎞
∂2 c
= pFzcoν co ⎜ c ⎟ + pDco 2 + ajco .
∂t
∂x ⎝ ∂x ⎠
∂x

(3.2)

(3.3)

Here z is the ion valence, v is the ion mobility (in units mol⋅s/kg), D is the ion diffusivity,
and where the subscripts count and co refer to the counter and co-ion respectively. Also,
jcount and jco are, respectively, area-averaged fluxes of counter- and co-ions transporting
between the bulk liquid phase and the electric double layer (EDL) along the solid wall. If
we further assume a symmetric electrolyte with equal mobilities, subtracting Eq. (3.3)
from (3.2) (using zco = -zcount), and replacing for the electromigration flux term in Eq.
(3.2) yields the following transport equation:

∂c
∂2 c a
=D 2+
( jcount + jco ) .
∂t
∂x
2p

(3.4)

We now couple our model to the transient charging of a simple Helmholtz-type EDL. A
Helmholtz EDL is modeled as two parallel layers of oppositely signed charge, where
charges reside in fixed planes (similar to a conventional parallel plate capacitor) [79, 80].
Since the liquid side of the EDL contains no co-ions, jco = 0. Also, a Helmholtz EDL has
a linear (voltage independent) capacitance, and so for step potential charging,

jcount = −(C DL / zcount F)∂φ / ∂t , where CDL is the EDL capacitance per unit area, F is
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Faraday’s constant, and φ is the potential of the bulk liquid. Thus, our conservation of
species equation in a porous electrode coupled to a charging Helmholtz EDL is:

∂c
∂2 c
C
∂φ
=D 2−
.
∂t
∂x
2 pFzcount ∂t

(3.5)

Where C is the electrode capacitance per unit electrode volume (C = CDL⋅a). Equation
(3.5) has both concentration and potential as unknowns. To develop a second equation,
we first define the superficial liquid-phase current density, il, as:

il = F ∑ zi N i .
i

(3.6)

Next, we write the conservation of bulk liquid phase current in our two-phase control
volume as:

∂il
∂φ
= aFzcount jcount = −C .
∂x
∂t

(3.7)

Summing Equation (3.6) over our binary, symmetric electrolyte with equal anion and
cation diffusivities, we can derive a form of Ohm’s law:

il = − pσ

∂φ
.
∂x

(3.8)

Where σ is the ionic conductivity of the electrolyte ( σ = 2F 2 vc ). Combining Equations
(3.7) and (3.8) yields the governing equation for potential:

∂φ p ∂ ⎛ ∂φ ⎞
=
⎜σ ⎟ .
∂t C ∂x ⎝ ∂x ⎠

(3.9)

3.1.2 Model formulation and results
We here consider a one-dimensional model of a charging, stopped-flow CD cell,
where the salt solution in the CD cell is quiescent. Further, we model the effects of
transient EDL charging using a simple Helmholtz model for the EDL structure [79]. We
later demonstrate that the desalination timescale trends predicted by our simple model
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match those observed in our data (see Chapter 4 of this thesis), and helps explain
observations reported by others. However, we emphasize that our model is not
appropriate to predict exact cell performance. For example, using the Helmholtz model
implies a linear EDL capacitance and unity charge efficiency, which is typically not the
case for CD electrodes [28, 49]. The true EDL structure at the high voltages used in CD
cells (typically up to 500-750 mV across the EDL) is a topic of active research, and there
has been significant theoretical work in this area [81-83]. In our model, we further
assume a dilute binary and symmetric salt with equal anion and cation mobilities. We
furthermore neglect the effects of surface (tangential) conduction or electroosmotic flow.
For these conditions, the equations governing the evolution of pore bulk (outside the
EDL) liquid concentration, c, and pore bulk electric potential, φ, in a system with two
electrodes and a separator are:
∂c
∂2 c
C
∂φ
= D 2 − f (x)
,
∂t
∂x
2 pFzcount ∂t

f (x)

∂φ p ∂ ⎛ ∂φ ⎞
=
⎜σ ⎟ ,
∂t C ∂x ⎝ ∂x ⎠

f (x) = H (x) − H (x − le ) + H (x − le − ls ) .

(3.10)
(3.11)
(3.12)

Here le is the thickness of the positive and of the negative electrode, and ls is the thickness
of the separator between electrodes. The function f(x) is defined as zero in the separator,
and unity inside the electrodes, where H(x) is a Heaviside step function.‡ Also, D is the
anion and cation diffusivity, which is typically lower in the electrode pore space than in
free solution,[28] C is the electrode capacitance per electrode volume (e.g., in units
F/cm3), σ is the pore bulk electrolyte conductivity, zcount is the valence of the counterion
(to the local wall charge), and ψ is the porosity of both the separator and the electrodes
(assumed to be equal).
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Figure 3.1: Model predictions for the evolution of a) salt concentration and b) electric
potential in a stopped-flow CD cell. The cell consists of two 0.5 mm thick electrodes and
a 0.5 mm thick separator, as shown schematically above (a), and is initially filled with a
100 mM salt solution. We apply 1 V to the electrodes at t = 0, and plot the predictions at
t = 0.25τRC (solid line), τRC (dotted line), τD (~ 4τRC) (dash dot), and at steady state (short
dash). The initial condition (long dash) is also shown. On times on the order of τRC, the
electrodes’ pore bulk is desalinated and potential gradients are strongly suppressed
throughout the cell. However, at this time the separator region shows only slight
desalination. At later times, on the order of τD, desalination of the separator continues via
molecular diffusion of salt into the depleted electrode pores. The inset plot of Figure 3.1
summarizes the dynamics of the charging process, showing that EDL charging and
electrode pore desalination (q/qss and ne/ne,ss) occur at RC timescales, while separator
pore desalination (ns/ns,ss) requires significantly longer time.
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The equations governing pore bulk concentration and potential (Eq. 3.10 and 3.11)
are similar to the simple 1D heat equation, except Eq. 3.10 contains a sink term (last term
on the right) which couples the two equations, and Eq. 3.11 has a non-uniform, nonconstant diffusivity-like parameter (ion conductivity, σ). Eq. 3.11 shows that potential
evolves from its initial distribution in a diffusion-like manner with a diffusivity of pσ/C
(termed an “electrical diffusivity”[19]), until the initial electric field is fully screened by
EDL ions. Further, σ can be reduced locally by cell charging via desalination, and this
acts to slow down the screening process. In the absence of any significant desalination,
Equation 3.11 is decoupled from Equation 3.10, and porous electrode charging proceeds
according to an RC timescale [28, 63]. By accounting for the ionic resistance of both the
electrodes and separator, we can formulate the following RC timescale for our CD cell:
τ RC =

Cle2T
pσ o

⎛
ls ⎞
⎜⎝ 1+ 2l ⎟⎠ ,
e

(3.13)

where σo is the initial pore bulk conductivity (prior to desalination) in the cell, and T is
the tortuosity (assumed to be equal for the separator and electrode). The boundary
conditions used in solving this model are the following:
!c
!x

!c
!x

=
x=0

=
x=2le +ls

!"
!x

x=0

!"
!x

x=2le +ls

=0,

=0,

V
2

(3.15)
(3.16)

c(x,t = 0) = co ,
φ (x,t = 0) = −

(3.14)

0 ≤ x ≤ le

=

V
V ⎛ 2l ⎞
x − ⎜ 1+ e ⎟
ls
2⎝
ls ⎠

le ≤ x ≤ le + l s

=

V
2

le + ls ≤ x ≤ 2le + ls ,

(3.17)

where V is the voltage applied to the cell (which is evenly distributed between the
symmetric electrodes). The boundary conditions given by Equations 3.14 and 3.15 are
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due to zero salt flux and zero ionic current between the current collector and the adjacent
bulk liquid in the electrode’s pores. That is, we assume the current collector has zero
capacitance (no charging current to the current collector), and assume no faradaic
reactions at the current collector. Notably, our boundary conditions do not assume fixed
salt concentration far from the electrode [28], but allow the salt concentration in our finite
separator to evolve freely in response to depletions within the electrodes. The initial
conditions are uniform concentration, co, throughout the cell (Eq. 3.16), and the suddenly
applied step voltage dropped entirely across the separator layer (Eq. 3.17) [28].
We solved the model at conditions typical of FB CD cells to gain insight into the
timescales involved in desalination. The geometry we used is representative of typical FB
CD systems: 0.5 mm thick electrodes and a 0.5 mm thick separator. We depict the
relative layer thicknesses and positions as grey blocks just above Figure 3.1a. We used a
typical electrode capacitance of 25 F/cc (see Appendix D2), applied voltage of 1 V,
porosity of 0.75, valence of 1, ion diffusivity of 2⋅10-9 m2/s (the approximate value for
chloride ions in free solution), and a tortuosity of 1. The coupled equations for
concentration and potential were solved with commercially available finite element
simulation software (Comsol Multiphysics 3.5, Burlington, USA).
In Figure 3.1, we plot example model results of the evolution of concentration and
potential for co = 100 mM. We plot solutions at t = 0, 0.25τRC, τRC, τD, and at steady state,
tss. τRC was calculated from Eq. 3.13 above, and τD = ls2/4D represents the diffusion time
across the separator half-thickness (where τD ~ 4τRC). At t = 0.25τRC (solid line) and τRC
(dotted line), salt concentration in the electrode pore space (Fig. 3.1a) and electric
potential gradients in the separator pore space (Fig. 3.1b) have each decreased
significantly relative to their initial values (dashed line). For example, at τRC, the
concentration in the electrode pore space has been reduced to about 40 mM, and the
electric field is roughly 0.25 V/mm in the separator, reduced from 2 V/mm. In contrast, at
τRC, the salt concentration in the separator pore space has only been reduced slightly to
between 80 and 90 mM. The charging of the electrodes within about the τRC time scale
strongly suppresses electric field in the system. Thereafter, the transport of salt ions is
largely governed by molecular diffusion.

At t = τD ~ 4τRC (dash-dot lines), the salt
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concentration in the (now near zero field) separator region is reduced to values between
about 50 and 65 mM; consistent with salt slowly diffusing from the separator into the
depleted electrode pores. At steady state (short-dash line), diffusion has homogenized salt
concentration to about 40 mM throughout. The inset in Figure 3.2b summarizes the
dynamics of the charging process. Here, we plot the normalized charge stored in the
EDL, q/qss, the normalized moles of salt removed from the electrodes’ pore bulk, ne/ne,ss,
and normalized moles of salt removed from the separator’s pores, ns/ns,ss, vs. nondimensional time t/τRC, where the subscript ss refers to the value at steady state. The
results show that EDL charging and the electrode pore desalination are over 90%
complete by about 2τRC. However, at this time the separator pore desalination is only
about 50% complete. After about 2τRC, ns/ns,ss slowly increases and ne/ne,ss slowly
decreases as salt ions are transported from the separator layer into the electrodes’ pore
bulk by molecular diffusion.
A key insight gained from our model predictions is that liquid in electrodes’ pores
(the feed of a FTE CD cell) is desalinated at the cell’s RC charging time, while liquid in
the separator (the feed of a FB CD cell) is desalinated at times significantly longer than
the RC time. This is consistent with the experimental results of several other studies of
FB CD systems. For example, Bouhadana et al. observed that upon application of a step
potential to their FB CD system with a 5500 ppm NaCl feed, electrical current reached
steady state (and so the cell charged) roughly 2 orders of magnitude faster than the
conductivity of the feed pumped continuously through a 1 mm thick separator [84].
Bouhadana et al. further note that Farmer et al. reported similar observations of feed
desalination in a FB CD system requiring significantly longer times than cell charging
[20, 84]. A second insight gained from our model is that salt ions initially in the separator
serve to increase the salt concentration in the charged electrodes’ pores, as diffusion
drives salt from the separator into ion depleted electrode pores. Minimization of the
separator thickness in the electric field direction can reduce this effect, and thus increase
the concentration reductions achievable per charge. Such minimization is realistic in FTE
designs, as the separator is not also used as the primary flow channel. From such model
predictions, we conclude that FTE type architectures pose an important opportunity for
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CD systems to significantly reduce desalination times and increase the achievable
concentration reductions of the feed stream per charge.

3.2 Modified Donnan model with flow-through electrodes
3.2.1 Motivation and qualitative aspects
In section 3.1, we derived and solved a dynamic transport model for a CD cell
which assumed a Helmholtz electric double layer (EDL) structure, and thus a linear EDL
capacitance and a unity EDL charge efficiency. To more accurately predict CDI cell
performance, it is necessary to develop a model with a more realistic treatment of the
EDL structure. We here present such a model, which leverages a modified Donnan (mD)
approach to describe the EDL structure. mD models have been previously applied to
flow-between CDI systems [32, 57, 85, 86], but we here apply this model to a flowthrough electrode CD system.
We will now discuss key qualitative aspects of the mD model, followed by a
derivation of the model’s governing equations. The mD model assumes a hierarchical,
bimodal electrode pore structure consisting of a continuous network of larger macropores
(typically > 50 nm pore diameter) which access smaller micropores (typically < 2 nm
pore diameter) [32]. Fluid flow, ion diffusion, and ion electromigration in the
electroneutral macropores occur in response to, respectively, hydrostatic pressure,
concentration, and potential gradients in those pores. Upon applying a voltage step to the
porous electrode, salt ions are electrostatically transported from the macropores into the
micropore volume in order to shield the micropores’ surface charge. As the Debye length
characterizing EDL thickness is approximately 1-10 nm for typical CDI cell feedwater
salt concentrations [79], the mD model assumes that the EDLs lining the micropore walls
are strongly overlapped. Thus, the electric potential in these pores is assumed to be
uniform. Here, a Donnan potential drop, ΔϕD, exists between the equipotential micropore
and its adjacent macropore. The term “modified” is used, as here this model also includes
a Stern layer in the micropore EDL, and accounts for non-electrostatic transport of salt
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into the micropores (from physi or chemisorption interactions between the carbon surface
and the salt ions) [32, 85].
3.2.2 Model Derivation
To develop this model, we assume a one-dimensional geometry (direction x only,
see Fig. 3.2a) and start with the conservation of mass in a porous, hierarchical electrode
[85]:

⎛ ∂ 2 cma,i
∂cma,i
∂
∂
∂φ ⎞
( pma cma,i + pmi cmi,i ) + usu
= pma Di ⎜
+
z
c
.
i
ma,i
2
∂t
∂x
∂x
∂x ⎟⎠
⎝ ∂x

(3.18)

Here, ci is the concentration of species i, p is the porosity, and the subscript “ma”
refers to a quantity of the macropores, while “mi” refers to micropores. zi is the valence
of species i, Di is the diffusivity, usu is a superficial (not interstitial) velocity, defined as
the total solution flow rate per total cross sectional area. In the electrode, the superficial
velocity equals the interstitial velocity multiplied by pma. ϕ is the local non-dimensional
potential in the macropore (dimensional potential is normalized by VT, where VT is the
thermal voltage). We next assume a binary electrolyte and write the transport equations
for anion (subscript a) and cation (subscript c), assuming constant porosity:

⎛ ∂ 2 cma,a
∂cma,a
∂cmi,a
∂cma,a
∂
∂φ ⎞
pma
+ pmi
+ usu
= pma Da ⎜
+ za cma,a ⎟ ,
2
∂t
∂t
∂x
∂x
∂x ⎠
⎝ ∂x

(3.19)

⎛ ∂ 2 cma,c
∂cma,c
∂cmi,c
∂cma,c
∂
∂φ ⎞
pma
+ pmi
+ usu
= pma Dc ⎜
+ zc cma,c ⎟ .
2
∂t
∂t
∂x
∂x
∂x ⎠
⎝ ∂x

(3.20)

Assuming symmetric salt (Da = Dc = D, za = -zc) and electroneutrality in the macropores
(cma,a = cma,c), we add the anion and cation transport equations to get the balance of salt
equation:
pma

∂cma
∂w
∂c
∂ 2 cma
+ pmi mi + usu ma = pma D
,
∂t
∂t
∂x
∂x 2

(3.21)
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wmi ≡

cmi,c + cmi,a
.
2

(3.22)

Where wmi is the average ion concentration in the micropores. Next, we subtract the anion
transport equation from the cation equation to get the balance of charge, and here assume
univalent species (za = -1, zc = 1):

pmi

∂qmi
∂
∂φ
= pma D cma ,
∂t
∂x
∂x

(3.23)

cmi,c − cmi,a
.
2

(3.24)

qmi ≡

Thus, for univalent species, 2qmiF is the excess positive volumetric charge density in the
micropores. The total potential drop between the solid (carbon) phase, ϕ1, and the local
macropore liquid phase is:

φ1 − φ = Δφ D + Δφst .

(3.25)

Here, the Donnan potential is defined as ΔϕD ≡ ϕmi - ϕ, the potential drop across the Stern
layer is defined as Δϕst ≡ ϕ1t - ϕmi, and ϕmi is the potential in the micropore volume
(outside the micropore Stern layer). We can derive an equation for the concentration of
ions in the micropore assuming equilibrium between the micropore and adjacent
macropore. At equilibrium, the electrochemical potential gradient between these two
pores is zero [79]:
∂ µi
∂ln(ci )
∂φ ∂ µatt ,i
= k BT
+ ezi
+
= 0.
∂x
∂x
∂x
∂x

(3.26)

Where here, e is the elementary charge, kB is Boltzmann’s constant, T is the temperature,
and µatt,i accounts for the non-electrostatic driving force acting on ion i due to physi
and/or chemisorption of ions onto the micropore surface (µatt,i is in units of J). Integrating
and applying the conditions in the macropore volume as a boundary condition, we obtain
the following relation for concentration of ions in the micropore:
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cmi,i = cma,i exp(−zi Δφ D + Δµatt ,i ).

(3.27)

Where Δµatt,i ≡ (µatt,i,ma - µatt,i,mi)/kBT. We can describe wmi and qmi in terms of the Donnan
potential and cma by assuming that Δµatt,a = Δµatt,c, [32, 85] and using the following
identities:
wmi ≡

cmi,a + cmi,c cma e Δµatt − ΔφD ΔφD
⎡⎣ e
=
+ e ⎤⎦ = cma e Δµatt cosh(Δφ D ),
2
2

(3.28)

qmi ≡

cmi,a − cmi,c cma e Δµatt − ΔφD ΔφD
⎡⎣ e
=
− e ⎤⎦ = −cma e Δµatt sinh(Δφ D ),
2
2

(3.29)

2

2

2
2
2
2
⎡⎣ e Δµatt ⎤⎦ ⎡⎣ cosh 2 (Δφ D ) − sinh 2 (Δφ D ) ⎤⎦ = cma
⎡⎣ e Δµatt ⎤⎦ .
wmi
− qmi
= cma

(3.30)

Last, we invoke the definition of capacitance to link qmi to the potential drop across the
micropore Stern layer:

qmi =

σ mi
C Δφ V
= − st st T .
2F
2F

(3.31)

Where σmi is the excess positive volumetric charge density in the micropore, and Cst is the
volumetric micropore Stern layer capacitance. We will here assume Cst is constant, but
note that previous studies on activated carbon electrodes have shown that often Cst must
be allowed to increase with Δϕst or qmi in order to describe data accurately [32, 57]. Now,
we derive our final set of equations for cma, qmi, and ϕ by replacing for wmi in the salt
balance equation:
∂(qmi + ⎡⎣ cma e
∂c
pma ma + pmi
∂t
∂t
2

pmi

Δµatt

2

⎤⎦ )1/2
∂c
∂ 2 cma
+ usu ma = pma D
,
∂x
∂x 2

∂qmi
∂ ⎛
∂φ ⎞
= pma D ⎜ cma ⎟ ,
⎝
∂t
∂x
∂x ⎠

φ = φ1 + sinh −1 (qmi / cma eΔµatt ) + 2qmi F / (CstVT ).

(3.32)

(3.33)
(3.34)
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3.2.3 Model results
We apply the 1D mD model described in Section 3.2.1 by Eqs. (3.32)-(3.34) to a
flow-through electrode CDI cell shown in Figure 3a. In our calculations, we utilize
parameters similar to those used in our experiments (see Chapters 4 and 5 of this thesis).
Our modeled cell consists of a pair of 1 mm thick porous carbon electrodes separated by
a 0.1 mm thick porous dielectric separator. Fluid flows parallel to the applied electric
field through the positive electrode’s macropores, followed by the separators pores, and
then the negative electrodes macropores (Fig. 3.2a). We solve the equations using
pma = pmi = 0.3 in the electrode space, D = 1.68E-9 m2/s, and usu = 1.68E-6 m/s (for
Pe = usule/D = 1, where le is the electrode thickness). Further, we here solve the model for
simultaneous flow and electrode charging (i.e. continuous flow operation). In the section
of the model domain representing the dielectric separator (le ≤ x ≤ le+ls, where ls is
separator thickness), we remove the salt and charge sink terms in Eqs. (3.32) and (3.33)
(terms lead by the factor pmi). Thus, qmi is not a dependant variable in the separator space,
and we do not solve for Eq. (3.34) in this space. We also set pma = psep = 0.5 in the
separator space. We apply a voltage of 1 V across the model cell, assume a Stern layer
volumetric capacitance, Cst, of 1E8 F/m3, and a non-electrostatic potential, Δµatt, of 1,
values typical of porous carbon electrodes (see Chapter 5 of this thesis).
In the Helmholtz model described in Section 3.1, we utilized zero flux boundary
conditions at the cell’s outer electrode surfaces (Eqs. (3.14) and (3.15)). In this section,
we continue to use zero ionic current boundary conditions, so the boundary conditions for
ϕ used in Eqs. 3.14 and 3.15 still hold here. However, we here use different concentration
boundary conditions than those of Section 3.1.2 due to the presence of a forced advection
of feed water through the cell. To formulate the boundary condition at the upstream end
of the upstream electrode (at x = 0), we will first analyze an upstream reservoir (i.e. a
non-porous channel just upstream of the upstream electrode). We assume that the
reservoir is thick enough in the x direction such that the fluid entering the reservoir is at
the initial concentration, co. Thus, we have advection of salt into this reservoir, and both
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advection and diffusion of salt from the reservoir into the upstream electrode’s
macropores. A balance of salt applied to this upstream reservoir yields:
0

∂

∫

cres dx

−lres

= usu (co − cma,x=0 ) − pma D

∂t

∂cma
∂x

x=0

.

(3.36)

Where lres is the thickness of this upstream reservoir, and cres is the local concentration
in the reservoir. To allow for a simple boundary condition for our upstream electrode, we
will here neglect the transient term in Eq. (3.36). Thus, our upstream (x = 0) BC is:

usu (co − cma,x=0 ) = pma D

∂cma
∂x

x=0

.

(3.37)

An alternative technique, which would not require neglecting the transient removal of salt
from the upstream reservoir, would be to instead include the reservoir in the model
domain and apply the continuity of salt flux, ion flux, concentration, and potential across
the reservoir/electrode interface. This will be included in a future work. To allow for a
simple boundary condition at our downstream electrode (x = 2le + ls), we assume no salt
diffusion across this boundary:

∂c
∂x

= 0.
x=2le +ls

(3.38)

A downstream reservoir element will also be included in the future work. At the internal
boundaries of our model domain representing the electrode-separator interface, we ensure
the continuity of ion concentration and salt flux, as well as continuity of potential and
charge flux. The latter flux conditions can cause a discontinuity in concentration and
potential gradients across these internal boundaries due to a discontinuity in porosity, pma
[28]. For initial conditions, we assume a uniform concentration in the cell, co = 100 mM,
zero potential applied to the cell (ϕ = ϕ1= 0 for all x), and zero net charge in the
micropores (qmi = 0 for all x). To apply the potential, we use a ramp function factor
before the ϕ1 term in Eq. (3.25) of 1-exp(-t/τ), with a ramp time constant, τ, of 0.001tD
(where tD = le2/D). Thus, ϕ1 ramps from zero to the potential applied to the solid phase of
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the electrode (0.5 V for the positive electrode, and -0.5 V for the negative electrode) with
a characteristic time of τ.
The coupled Eqs. (3.32)-(3.34) were solved with commercially available finite
element simulation software (Comsol Multiphysics 4.3, Burlington, USA). In Figure
3.2b-d, we show the evolution of salt concentration, c, electric potential, ϕ, and excess
micropore charge density, q after the application of potential across the cell. These
quantities are plotted at t = 0, and t/tD = 0.01, 0.05, 0.1, 0.5, 1, 5, where tD = le2/D. From
Figures 3.2b-d, we see that the electrodes are completely charged (ϕ ~ 0) by t/tD = 0.5,
but the cell nears steady state (dcma/dx, dqmi/dx, dϕ/dx ~ 0) by about t/tD = 5. In Figure
3.2e, we show the effluent concentration (the concentration of the stream exiting the cell),
ceff, versus time. As can be seen, ceff approaches a concentration minimum of
approximately 65 mM at about t/tD = 0.3, and approaches co at the time t/tD = 5. We note
that in the model and results described here, we do not include the effects of potential
hydrodynamic dispersion in the porous structure [87]. At order unity and higher Per,
where r is the macropore radius, dispersion can result in an increase in the flux of salt due
to concentration gradients (above that from molecular diffusion) [87].
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Figure 3.2: a) Schematic of the modeled flow-through electrode CD cell with
simultaneous flow and charging. b)-d) The evolution of the mD model dependant
parameters upon application of an external voltage to the cell, where dependant
parameters include the local macropore salt concentration, cma, macropore electric
potential, ϕ, and excess micropore charge density, qmi. e) The concentration of the cell’s
effluent versus time non-dimensionalized by the cell diffusion time, tD.
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Conclusion
We here presented two dynamic transport models leveraging macroscopic porous
electrode theory to describe charging in a complete capacitive desalination (CD) cell. The
first model assumed a simple Helmholtz electric double layer (EDL) structure. This
model demonstrated that desalination of the separator space between the charging
electrodes can be diffusion-limited, resulting in slow desalination relative to cell
charging. This latter result highlights the potential benefits which can be obtained from
ensuring the feed water is primarily in the electrodes’ themselves, rather than between the
electrodes. We next presented a modified Donnan (mD) model which used a more
realistic depiction of the EDL structure. This model assumed strongly overlapped EDLs
in the micropores of the eletrodes, resulting in a constant electrostatic potential in the
micropore volume. We solved the latter model for geometries of typical FTE CD cells
(see Chapter 4), and for the case of simultaneous flow and charging.
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Chapter 4:
Flow through electrode capacitive desalination:
prototype development and experiments
[M. E. Suss, T. F. Baumann, W. L. Bourcier, C. M. Spadaccini, K. A. Rose, J. G.
Santiago, and M. Stadermann, "Capacitive desalination with flow-through electrodes,"
Energy & Environmental Science, vol. 5, pp. 9511-9519, 2012.] – Reproduced by
permission of The Royal Society of Chemistry
4.1 Introduction
Capacitive deionization (CDI) systems are most often designed such that the feed
stream to be desalinated flows primarily between the two porous charging electrodes [22,
84]. We term this typical architecture a “flow between” (FB) CDI system and depict this
schematically in Fig. 4.1a. Current FB systems have significant limitations, including an
inability to easily (in a single charging step) desalinate moderate brackish water feeds,
and long times required for desalination [84]. For example, FB CDI systems typically
reduce the concentration of a sodium chloride feed solution by less than 20 mM per
charge [20, 36, 37, 44], whereas sea water has an ionic strength of about 700 mM [88].
Also, desalination of the feed in a FB CDI system can require over an order of magnitude
longer than the charging time of the cell [84]. Further, in FB cells, the separator layer
between electrodes must serve as both a flow channel and a structure to prevent electrical
shorts between the two porous electrodes [84]. This complicates cell design, as the
thickness (along the electric field direction) of the separator must be carefully optimized
to minimize cell electrical resistance and volume while allowing sufficiently large area
for efficient fluid flow.
An alternative cell architecture which can address these limitations is to flow the feed
stream directly through electrode pores, which we term “flow-through electrode
capacitive desalination” (FTE CD) and show schematically in Figure 4.1b. There is a
dearth of work with CD systems employing FTEs. Early work on CD by Johnson et al.
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utilized FTEs of unconsolidated charcoal [19, 29]. However, they observed significant
electrode degradation after repeated desalination cycles [29]. Also, their electrodes were
composed of order hundred micron diameter carbon particles, and the particles
themselves contained micropores [19]. This morphology hindered cell regeneration
times. For example, they estimated > 3 min were required to allow salt concentration
within particle micropores to come to equilibrium with the solution flowing in the local
particle interstitial space [19]. To our knowledge, the next study utilizing an FTE type
architecture, nearly 4 decades later, was the recent series of works by Avraham et al. and
Cohen et al., using activated carbon cloth electrodes [48, 89-91].

Avraham et al.

attributed choice of the FTE type architecture to compatibility and convenience
associated with small-scale fundamental experiments to quantify electrode charge
efficiency. Thus, previous CD systems employing FTEs utilized non-monolithic
electrode materials which were either unstable [19, 29], or materials typically associated
with FB systems [48, 89-91], There has been little work on developing and optimizing
electrode materials specifically for the unique set of requirements or opportunities
presented by FTE systems. Additionally, the potential benefits of FTE systems vs.
common FB systems have not been clearly elucidated, modelled, or demonstrated.
While traditional carbon aerogels are among the most commonly used electrode
materials in FB CDI systems, they are not appropriate as FTEs as their pore diameters are
typically sub-50 nm, and thus the electrodes exhibit a prohibitively high hydraulic
resistance to flow [20, 22, 58]. Recently developed hierarchical carbon aerogel monoliths
(HCAM) [72], by contrast, represent a more attractive choice for FTE CD electrodes due
to their unique bimodal pore structure. These materials possess a continuous micron-scale
pore network, into which size-tuneable nanopores are etched by thermal activation [72].
As a result, HCAMs simultaneously provide high specific capacitance (>100 F/g) and
low hydraulic resistance [70]. To our knowledge, HCAM materials have not been
investigated as CD desalination electrodes prior to the current work.
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Figure 4.1: a) Schematic representation of a typical flow between (FB) capacitive
desalination cell, where the feed water flows between electrodes through a porous
separator element. The electrodes in FB cells often consist of nanoscale pores which
maximize surface area but prevent flow through the electrodes. Desalination thus
involves transport of salt from the separator space into electrode pores (a distance of
typically order 100 µm). b) Schematic representation of a flow-through electrode (FTE)
capacitive desalination cell, where the feed water flows directly through electrode pores.
The FTE cell uses low hydraulic resistance, high surface area porous electrodes with
hierarchical porosity, consisting of micron-scale pores and nano-scale pores. Thus,
desalination involves the transport of salt from the micron-scale pore bulk to the
nanoscale pore wall (a distance of order 1 µm).
In this work, we use macroscopic porous electrode theory to investigate and quantify
the benefits of FTE vs. the commonly used FB architecture. As we shall discuss, the basic
architecture of FTE cells allows for fast desalination at resistive-capacitive (RC)
timescales, rather than longer diffusive time scales required of FB CD cells, as well as
stronger reductions in feed salt concentration per charge. Further, to demonstrate the
potential benefits of FTE CD, we built and characterized the performance of a FTE CD
cell utilizing HCAM electrodes, to our knowledge the first time this newly developed
material has been used in a CD cell. Also, the separator of our FTE cell is not the primary
flow channel (as in FB CDI), thus we were able to minimize the separator thickness (in
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the electric field direction) to 1% that of the electrode-separator assembly. This relative
thickness is much smaller than the 100% or higher relative thicknesses of typical FB
systems [20, 36, 37, 44, 84]. A relatively thin separator is a key characteristic which
allows FTE CD cells to achieve optimized desalination performance and improved
reductions in salt concentration per charge.
4.2 Experimental Methods
To verify our model predictions and demonstrate the performance benefits achievable
with FTE architecture, we built and characterized a prototype FTE CD cell which
contained a pair of hierarchical carbon aerogel monoliths (HCAM) as electrodes.
4.2.1 Electrode preparation and characterization
Our electrodes were prepared as described in detail by Baumann et al., and so we will
only summarize preparation details here [72]. The aerogels were fabricated through the
sol-gel polymerization of resorcinol with formaldehyde using acetic acid as a catalyst.
The use of acetic acid catalyst enabled the formation of an interconnected micron-scale
pore network [72]. The nanoscale porosity was then etched into the walls of the micronscale pore network by a thermal activation in CO2 at 950°C. In this study, we used
aerogels thermally activated for approximately 2 h. We chose the 2 h activation time as
this process resulted in a material with higher volumetric capacitance (compared to
material subjected to higher activation times). Volumetric capacitance is a key parameter
in predicting desalination performance (Eqs. 3.10 and 3.11 use volumetric capacitance as
a parameter). The HCAM material also exhibited a high porosity of about 75% as
measured with saturated/dry weight measurements. We cut the material into
2 x 2 x 0.1 cm blocks which weighed 130 mg each (bulk density of 0.33 g/cm3)
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Figure 4.2: Results of our mercury intrusion porosimetry measurements on our HCAM
material showing cumulative surface area (left ordinance, triangles), and logarithmic
volume distribution function (right ordinance, circles) vs. pore diameter. Micron-scale
pores of order 1 µm in diameter contribute about 70% of the measured electrode pore
volume, while the nano-scale pores provide 98% of the surface area. The unique pore
structure of HCAMs enables simultaneous low hydraulic resistance and high specific
capacitance.
We characterized the pore structure of the HCAM material using mercury intrusion
porosimetry (Porous Materials Inc., Ithaca, NY) (Figure 4.2). The HCAM electrode
exhibits a strongly bimodal pore size distribution with 70% of the pore volume attributed
to pores with diameters between about 0.7 to 2 µm, and 98% of the measured surface area
associated with sub-10 nm pores. As total pore volume is dominated by micron-scale
pores, HCAM substrates allow for liquid to flow directly through their bulk at low
applied pressures. Also, the sub-10 nm pores enable a high specific capacitance
(approximately 100 F/g [70]). Previous CD systems utilizing FTEs have employed
electrodes of unconsolidated charcoal particle beds [29], or activated carbon paper with a
strongly polydisperse macropore distribution (e.g., spanning 200 to 500 nm) [48].
HCAMs are, by comparison, a much more attractive choice for FTE CD electrodes, due
to their monolithic structure, micron-scale pore network, and high demonstrated
capacitance. Further, carbon aerogel-based electrodes have been shown to be robust to
repeated charge/discharge cycling.[20, 37] Note that the specific surface area measured
here (see Figure 4.2) reaches only about 500 m2/g, and this is likely because our
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measurement technique is limited to pores larger than about 4 nm. For example,
Baumann et al. demonstrated approximately 1500 m2/g for identically fabricated HCAMs
using alternate measurements of N2 adsorption [72].
4.2.2 FTE CD cell fabrication
We fabricated a FTE CD cell using two HCAM electrode blocks with macroscopic
dimensions of 2 x 2 x 0.1 cm (see Figure 4.3).

We used a 25 µm thick, porous

polypropylene separator material (Celgard 3501, Charlotte, NC), which we inserted
between the aerogels. Both the applied electric field and flow were along the smallest
electrode and separator dimensions. The separator thickness was about 1% of the total
electrodes-and-separator assembly, and this minimized the adverse effects of separator
thickness on desalination performance (see Chapter 3.1 of this Thesis). The electrodes
and separator were sandwiched together while we epoxied this assembly into a 4 x 4 cm
acrylic housing. The epoxy sealed or “potted” the assembly to the inner surfaces of the 2
x 2 cm window laser cut into the housing (Universal Laser Systems, Scottsdale, AZ),
which forced pumped liquid to flow through the electrode and separator assembly. This
assembly was then sandwiched between 4 x 4 cm upstream and downstream acrylic
endplates. Compressible Teflon gaskets were inserted between the assembly and the
endplates, and the gaskets were laser cut to create 1.7 x 1.7 cm openings into the
upstream and downstream electrode faces. We estimate the gasket thickness to be
~ 0.3 mm after compression of housing endplates to seal the cell.

We milled the

upstream endplate to accommodate a 2 x 2 x 0.2 cm reservoir space and two 1/16 inch
outer diameter stainless steel tubulations (Scanivalve, Liberty Lake, WA). One tubulation
(“port 1”) was used to insert the solution of interest into the upstream reservoir and/or
cell assembly. The second tubulation (“port 2”) served as an exhaust when replacing the
fluid in the upstream reservoir. The downstream endplate was milled to accommodate
another tubulation (“outflow port”), but had no reservoir milled into it, and so the
downstream reservoir space was essentially defined by the thickness of the compressed
gasket. 2 x 2 cm titanium mesh pieces (Alfa Aesar, Ward Hill, MA) served as current
collectors, and were inserted between the aerogels and Teflon gaskets. A platinum wire
served to connect the titanium mesh to an external power supply (Keithley, Cleveland,
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OH). The entire assembly was sealed by compression using twelve 2-56 0.5 inch stainless
steel bolts (Figure 4.3b).

Figure 4.3: a) Schematic of the FTE CD cell used in this work, b) image of the cell used
(upstream side). The cell consisted of two 1 mm thick HCAM electrodes, and a 25 µm
thick porous dielectric separator. The electrode and separator assembly was epoxied into
an acrylic holder, and sandwiched between upstream and downstream acrylic endplates.
Teflon gaskets served to seal between acrylic components, and to hold the titanium mesh
current collectors to the aerogel surface. Primary liquid flow and electric field directions
were parallel and along the thin (~2 mm) dimension of the electrode and separator
assembly.
4.2.3 Experimental procedure
To investigate the performance of our FTE CD cell, we performed stopped flow
experiments, where the charging and flow stages are sequential rather than simultaneous.
The experiments proceeded as follows: We stored the cell overnight in deionized water,
and then brought the cell to equilibrium prior to running experiments by flowing through
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it a sodium chloride solution (Harvard Apparatus syringe pump, Holliston, MA) at 0.5
mL/min for 1 h followed by three charge/discharge cycles lasting about 6 min each. The
sodium chloride solution we used had concentrations of either 50, 100 or 250 mM,
matching the concentration to be used in the subsequent experiment. After the repeated
charge/discharge of the cell, we again pumped salt solution through the cell for 30 min.
At this point, we began the experiments. First, we pumped air at 0.5 mL/min through port
1 with port 2 closed in order to empty the upstream reservoir of sodium chloride solution.
The air pump (an air-filled syringe and the syringe pump) was deactivated as soon as the
reservoir was empty, to prevent drying out of the pore space. Emptying the upstream
reservoir served to minimize the salt ions present outside of the electrode assembly,
which could potentially diffuse into the desalted electrode pores during the charging step.
We then applied a step voltage across the cell, with magnitudes varying from 0.75 to
1.5 V, using a Keithley 2400 sourcemeter (Keithley, Cleveland, OH). Current response
upon application of the step potential was measured at a frequency of about 1 Hz by the
Keithley sourcemeter.
After charging, we extracted the desalted solution from within the electrode
assembly. We performed this by pumping new (undesalted) sodium chloride solution
through the cell, which displaced the desalted solution in the electrodes’ pores and forced
the desalted solution to exit the cell through the outlet port. To accomplish this, we first
opened port 2 to exhaust the air present in the upstream reservoir while pumping new salt
solution through port 1. Then, we closed port 2 and pumped new salt solution through
port 1 at 0.5 mL/min, pressurizing the upstream reservoir and forcing the desalted
solution out of the electrodes’ pores and through the outflow port. The desalted stream
exiting the cell flowed through the roughly 1 cm length of the outflow port tubulation,
and then through a flow-through conductivity sensor (Edaq, Denistone East, Australia)
which was calibrated to a 12.88 mS KCl standard. The conductivity sensor’s internal
flow channel had an ~17 µL internal volume, which allowed for a well-resolved
measurement of the extracted stream conductivity. Conductivity was then transformed to
concentration estimates using the Onsager-Fuoss model for molar conductivity, corrected
for the effects of finite ion size (Pitts’ correction) [92]. The applied potential was
maintained during the flow stage, except for some of the experiments described in Figure
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4.6 where the power source was instead disconnected from the cell during the flow stage
(see Results Section). After the experiment was completed, the applied potential was set
to 0 V. This released salt held in the electrode EDLs. Between measurements, we
pumped new salt solution for 30 min through the cell at 0.5 mL/min.
During several experiments, we also placed a pressure sensor upstream of our cell,
and found that a pressure of about 10 kPa was required to maintain a 0.5 mL/min flow
rate. However, a large fraction of this pressure was due to the hydraulic resistance of the
thin separator (which contained pores with a diameter of about 60 nm). For example, a
second test cell we built, identical to the previously described cell except containing
instead a 125 µm thick separator with 5 µm diameter pores (Millipore, Billerica, MA),
required only about 4 kPa for 0.5 mL/min flow rate. The latter cell was not used to
generate the results described in the following section.
4.3 Results and discussion
We first describe measurements of concentration of the desalted stream extracted
from a fully charged FTE CD cell. In Figure 4.4, we show measurements for the case of
an initial NaCl concentration, co, of 100 mM, and for applied voltages ranging from 0.75
to 1.5 V (see Appendix D1 for similar measurements for co = 50 and 250 mM). The time
origin in this figure represents the time when charging of the HCAM electrodes was
essentially completed. That is, immediately prior to t = 0, we charged the cell for a time
5τRC, where τRC is the characteristic resistive-capacitive charging time of the cell (we will
further describe τRC using Eq. 4.1 and associated text). At time t = 0 s, the pump was
activated and pumped 100 mM salt solution through the cell assembly at 0.5 mL/min.
Also at this time, the downstream conductivity sensor contained 100 mM salt solution.
The flow induced by the pump then displaced the desalted water held in the electrodes’
pores, forcing it through the downstream conductivity sensor. Figure 4.4 shows
measurements of concentration in this downstream sensor (see Section 4.2.3 for how we
obtained concentration from conductivity measurements). In Figure 4.4, we observe a
fairly rapid drop in concentration soon after t = 0 s. For example, in the 1.5 V case,
concentration dropped from 100 to 40 mM within about 10 s. Concentrations then
reached a minimum, and rose again to 100 mM after an order 100 s readjustment time.

63	
  
This readjustment occurred as the desalted solution in the cell approached complete
displacement by the new 100 mM solution. Note the expected decrease in minimum
measured concentration, cmin, with increasing voltage. At 1.5 V, cmin was about 30 mM,
yielding a concentration reduction, Δc = co - cmin, of about 70 mM for a single charge.

Figure 4.4: Concentration of the salt solution extracted from the fully charged cell for
applied voltages of 0.75 to 1.5 V, and an initial (pre-charge) concentration of 100 mM
NaCl. The inset schematic illustrates the extraction process and shows the downstream
placement of the conductivity sensor. At t = 0 s, cell charging was complete and the
pump was activated, driving new 100 mM solution into the cell. The concentration then
dropped as desalted water was forced out of the cell and through the sensor, reaching a
minimum after about 20 s of pumping. Concentration then slowly increased as the
pumped new solution completely displaced the desalted solution initially in the cell. At
1.5 V, the minimum concentration was approximately 30 mM; a reduction of 70 mM
from the initial concentration.
The observed slow readjustment is consistent with strong dispersion of the interface
between the desalted solution initially in the cell, and the new 100 mM solution then
pumped through the cell. We extracted the desalted solution from the cell via miscible
displacement through the porous electrode-separator assembly. Miscible displacement in
porous media is often characterized by a disperse interface between initial and replacing
liquids, and mixing can be due to hydrodynamic dispersion (mixing due to flow through
an interconnected, random pore structure) [93]. Minimizing this dispersion is desirable
for efficient operation of FTE CD cells, especially for stopped flow operation. Thus, our
results highlight that future work on FTE CD systems should attempt to minimize
dispersion through further optimizations of flow and system geometric parameters.
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Figure 4.5: Measured concentration reduction, Δc, vs. applied voltage for initial NaCl
concentrations, co, of 50, 100 and 250 mM. At the higher co of 100 mM (diamonds, solid
line) and 250 mM (squares, dashed line), Δc scaled approximately linearly with potential,
and Δc increased by a factor of approximately 7 for a 2x increase in voltage. For a co of
50 mM (circles, dotted line), Δc instead plateaued at high potentials as it approached its
maximum achievable value of 50 mM.
We also performed experiments similar to those of Fig. 4.4, but for initial salinities,
co, of 50 and 250 mM. In Figure 4.5, we show measured concentration reduction, Δc, vs.
applied potential for various co. The data shows several trends. Firstly, at the higher co
values of 100 mM and 250 mM, Δc scaled approximately linearly with applied voltage.
However, at co = 50 mM, Δc plateaued at potentials above 1 V, as it approached the
maximum achievable value of 50 mM. This indicates that at co = 50 mM and above 1 V
we removed nearly all salt from the feed solution in the cell. Second, we observed that Δc
increased by a factor of approximately 7 when we doubled voltage from 0.75 to 1.5 V for
co values of 100 and 250 mM. We attribute this strong dependence of Δc with applied
voltage to a combination of the following effects: increased equilibrium potential across
the pore EDLs which enables additional charge storage; the measured increase of
electrode charge efficiency with potential between 0.75 and 1.25 V (see Appendix D);
and the measured increase of cell capacitance with increasing potential (see Appendix D).
We further characterized our FTE CD cell by calculating its RC time constant at the
twelve experimental conditions of Figure 4.5 (co = 50, 100, 250 mM, and V = 0.75, 1,
1.25, 1.5 V). Equation 3.13 provides an estimate for the RC time constant using the
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geometric dimensions of the electrodes and separator, and the porosity and tortuosity of
the electrodes and separator (which were assumed equal). However, a more accurate
calculation of our cell’s RC time constant can be made with an in-situ measurement of
the series resistance, Rs (resistance of the separator and any contact resistances) and a
measurement of the cell’s capacitance, Ccell. The measurement of Rs can be obtained by
dividing the applied voltage, V, by current measured upon application of the step
potential, io, as initially, the entire applied potential is dropped across Rs (see Fig. 3.1b)
[54]. Thus, our cell’s RC time constant, τRC, can be calculated with the following
equation:
$ 2l T
V'
! RC = & e e + ) Ccell
% " e A# o io (

(4.1)

Here A is the electrode cross-sectional area, ψe, is the porosity of the electrodes, and Te
represents the tortuosity of the electrodes. Ccell was obtained from measurements of our
cell’s current response (see Appendix D). Ccell increased with both applied potential and
sodium chloride concentration, with a minimum of 4.8 F at 0.75 V, 50 mM and a
maximum of 8.4 F at 1.5 V, 250 mM NaCl. A cell capacitance of 8.4 F corresponds to a
specific capacitance of a single HCAM electrode of nearly 130 F/g or 40 F/cm3. Note
that for equally sized electrodes, the gravimetric capacitance of a single electrode is
estimated as four times the gravimetric capacitance of the cell.[94] We calculated Te from
measurements of the pressure required to flow through our electrodes (see Appendix D
for calculations) and obtain Te = 3.6. This is consistent with reports of the tortuosity of
porous carbon structures (including aerogels and activated carbons) which have typical
values of 3 to 4 [95, 96]. The τRC of our cell increased with increasing voltage and
decreasing initial NaCl concentration, and varied from 81.6 s at 0.75 V and 250 mM, to
350.1 s at 1.5 V and 50 mM.

66	
  

Figure 4.6: Non-dimensional charge stored at electrode EDLs, q/q5RC (left ordinate), and
non-dimensional moles of salt removed from the cell, n/n5RC (right ordinate) vs. scaled
time, t/τRC. q/q5RC data are plotted for applied voltages from 0.75 to 1.5 V with initial
salinities of 50 to 250 mM NaCl (thin, marked black lines, see legend). We also plot
n/n5RC for an initial salinity of 100 mM and 1 V applied (diamonds). Inset plot shows
dimensional charge stored, q, vs. time. Scaling time with τRC resulted in a collapse of all
q/q5RC curves, and EDL charging was in all cases about 90% complete by 2τRC. n/n5RC
shows roughly same trends observed for q/q5RC curves. The latter two results indicate that
both cell charging and electrode pore desalination occurred at an RC timescale, as
predicted by our model (see Chapter 3.1 of this Thesis).
In the inset of Figure 4.6 we plotted measurements of charge stored in the EDL, q, vs.
charging time, t for the twelve experimental conditions used in Figure 4.5 (thin black
lines and associated markers, see legend). q was obtained by applying a step potential to
the cell at t = 0, and integrating the measured current vs. time data. Before integration, a
leakage current, defined as the current at 5τRC (here current decreased by about 1% per
minute), was subtracted from the current signal. Leakage current increased with voltage
and ionic strength from about 300 µA at 0.75 V and 50 mM to over 4 mA at 1.5 V and
250 mM, and was less than 1% of initial current, io, for all experimental conditions. All q
vs. t curves exhibited an initial rapid increase, and then plateaued past a time of order

67	
  
100 s as EDL charging approached completion. One key conclusion from our model
results was that both EDL charging and electrode pore desalination occur at RC
timescales (see Chapter 3.1 of this Thesis). Based on this insight, in the main axis of
Figure 4.6, we plotted normalized charge vs. time non-dimensionalized by τRC (thin black
lines as per legend), with τRC determined for each experimental condition using Equation
(4.1). Charge stored values were normalized by that stored at t = 5τRC, q5RC. This scaling
collapsed all of the q vs. t curves. Further, note q/q5RC was about 0.90 by 2τRC. This
demonstrates that the EDL charging process of our cell is well described by the cell’s RC
time constant.
In the main plot of Figure 4.6 we further show measurements of non-dimensional
moles of salt removed from the liquid in the cell, n/n5rc, vs. t/τRC for the case of co = 100
mM and 1 V applied potential (diamonds). We obtained the latter experimental data by
charging the cell to prescribed times (equivalent to about 0.2, 0.35, 0.7, 1.4, 2.75, and
5τRC), and then extracting the desalted solution from the cell using the miscible
displacement technique described previously (see Fig. 4.4), with the power supply
disconnected from the cell during extraction. We then calculated n by integrating the
concentration vs. time curves measured by the downstream conductivity sensor, and
multiplying this by the constant flow rate used during extraction (here 0.5 mL/min). We
observed that the n/n5RC data are similar to the q/q5RC curves, as n/n5RC rose quickly
between about t = 0 to τRC, and then levelled off past about τRC. These observations
confirm that the RC time scale also well describes desalination of the feed solution in our
FTE CD cell, as predicted by our model. These desalination dynamics are in stark
contrast to measurements reported by studies of FB CD systems, where desalination
required over an order of magnitude longer time than cell charging [84]. Thus, these
results further highlight the potential for FTE CD to provide for significantly faster
desalination than typical FB CD cells.
We note that at times less than τRC, EDL charging progressed to a greater degree than
desalination. For example, at t = 0.35τRC, q/q5RC is about 0.6, while n/n5RC is about 0.25.
A disparity in the progression of stored electric charge vs. measurable amounts of
desalting is characteristic of the transient charging of a Gouy-Chapman EDL [28],
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demonstrating that future works should use more realistic EDL structure models to
capture exact FTE CD cell performance.
Table 4.1: Comparison of system characteristics and performance between the FTE CD
system presented here and several recently developed FB CD systems. Our system
demonstrated a 4 to 10 times higher mean sorption rate, r, and utilized a separator-toelectrode thickness ratio, ls/2le, two orders of magnitude smaller than that of the FB CD
systems.

Xu et al. (2008)
Bouhadana
et al. (2010)

*

me

ls/2le

[g]

(le [mm])

650
14

Tsouris et al. (2011)

9.6

Current Work

0.26

1.4
(0.81)
1.5
(0.5)
*
0.01
(1)

Feed

V
[V]

r
[mg TDS
g-carbon-1 min-1]

NaCl

1.3

0.1

NaCl

1.1

0.1

1.2

0.25

NaCl 1.25

0.96

Instant
Ocean

le not reported, ls = 6 mm.
In Table 4.1, we compare our prototype FTE cell to several recently developed FB

systems.2,7,34 These systems employed electrodes of mesoporous carbon [44], activated
carbon cloth [84], or traditional carbon aerogel [37], and the electrode mass used, me, is
given in Table 4.1. Relative to these systems, our device exhibits 4 to 10 times higher
mean sorption rate, r, defined as the average rate of salt removed during the desalination
stage normalized by the weight of the electrodes [37]. Xu et al. report the mean sorption
rate for various feed salinities and flow rates, with a maximum reported rate of about 0.1
mg-TDS g-carbon-1 min-1 [37]. We estimated r for the systems of Bouhadana et al. and
Tsouris et al. from their measurements of the amount of salt removed from the feed,
electrode mass, and the times required for desalination [44, 84]. We estimate r ~ 0.1 mg-
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NaCl g-carbon-1 min-1 from Figure 5 of Bouhadana et al. [84], and r ~ 0.25 mg-TDS gcarbon-1 min-1 from Figure 6b and Table 1 of Tsouris et al. [44]. For our system, we
calculated r by normalizing n5RC by the weight of both electrodes and 5τRC, as salt uptake
was essentially complete by 5τRC (Figure 4.6). The maximum mean sorption rate we
obtained was 0.96 mg-NaCl g-aerogel−1 min-1, at 1.25 V and 250 mM NaCl. We note that
our cell can likely achieve higher mean sorption rates by charging for shorter times, such
as 2 or 3τRC, as little additional salt is retained in the EDLs past about 2τRC. At 1.25 V and
250 mM, our cell removed 7.5 mg-NaCl g-aerogel-1, roughly equivalent to the sorption
achieved with previous FB CD systems using carbon aerogel electrodes [37]. The
maximum sorption exhibited by our cell occurred at 1.5 V and 100 mM, and was
10.2 mg-NaCl g-aerogel-1. Other electrode materials, such as mesoporous carbons, have
achieved higher sorption, but lack the micron-scale pore network needed for efficient
flow-through [44]. Also, as shown in Table 4.1, the separator-to-electrode thickness ratio,
ls/2le, is typically about unity for FB systems, but is 0.01 for our FTE system. FB systems
require the separator to act as a flow channel, leading to large thickness ratios. In our FTE
architecture, we no longer require the separator to be a primary flow channel, allowing us
to minimize separator thickness to reduce cell volume and ionic resistance.
We note our cell was operated at potentials up to 1.5 V, while systems shown in
Table 4.1 were operated from 1.1 to 1.3 V. Previous studies have noted that feed
conductivity reductions worsen for potentials above about 1.2-1.3 V [44]. In contrast, we
observed a monotonic increase in Δc up to our highest applied potential of 1.5 V (Figure
4.4). This indicates that our HCAM electrodes were more effective in avoiding
performance degradation due to electrochemical reactions, such as the hydrogen and
oxygen evolution reactions. We hope to explore the nature and rate of these
electrochemical reactions, and the stability of our HCAM electrodes at high potentials in
a future work.
4.4 Conclusions
We designed, built, and tested a novel FTE CD cell where the feed volume is instead
within the electrode pores. This cell leverages newly developed hierarchical carbon
aerogel monoliths as electrode material. These electrodes are well suited for FTE
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applications as they combine the inherent benefits of a monolithic aerogel material with a
pore structure that enables both low fluidic resistance and high specific capacitance. Our
experiments validated the timescale trends predicted by our Helmholtz model (see
Chapter 3.1) by demonstrating that desalination in FTE architecture occurs at the cell
charging (RC) timescale. We also demonstrated a feed concentration reduction of up to
70 mM NaCl and a mean sorption rate 4 to 10 times higher than that typically achieved
with FB CD systems.
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Chapter 5:
Spatially and temporally resolved measurements of salt
concentration between two porous electrodes in a
charging capacitive deionization cell

5.1 Introduction
Capacitive deionization (CDI) is an emerging water desalination technique which
uses a porous electrode capacitor to remove salt ions from feedwater [20, 28]. A typical
CDI cell consists of two porous carbon electrodes separated by dielectric separator or a
feedwater-filled channel. A voltage of approximately 1 V is applied across the porous
electrodes, causing salt ions to electromigrate to the oppositely charged electrode and to
be held electrostatically in electric double layers (EDLs) at the pore surface. The most
common architecture of a CDI cell is a flow-between architecture, whereby the feedwater
flows between the two charging porous electrodes and through the separator layer [20,
36, 37, 44, 57]. An alternative architecture utilizes flow-through electrodes, which can
enable faster and more efficient desalination [30]. Once charged, the CDI cell must then
be discharged to allow for subsequent desalination cycles, releasing salt held in the EDLs
to form a brine solution.
Since investigations into CDI-type systems began in the 1960s [27], the most
typically used experimental technique to investigate CDI system performance is
performing conductivity measurements of the system’s effluent [20, 29, 30, 39, 48, 57].
This latter technique involves the use of a flow-through conductivity sensor placed in
series with, and downstream of, the CDI system. The latter technique does not allow for
highly insightful, controlled studies, as effluent conductivity measurements can be
affected by many factors, such as ion transport in the porous electrodes and the separator
space, and flow effects (such as dispersion) in the cell and rest of the system components.
Electrochemical techniques such as cyclic voltammetry and electrochemical impedance
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spectroscopy are often used to characterize CDI cell or CDI electrode capacitance [97],
but are typically not appropriate for characterizing the desalination performance of these
cells (which cannot be represented by a linear circuit model) [28]. A technique which
can, in situ, measure spatially and temporally resolved ion concentration in a CDI cell
would be a significant advance in the experimental study and diagnostics of CDI cell
performance. Such a technique can be used to study desalination dynamics with or
without the presence of flow, enabling well-controlled, fundamental studies which can
potentially lead to performance enhancements.
In this work, we demonstrate a simple and novel experimental system for in situ
measurements of spatially and temporally resolved ion concentration between charging
electrodes in a CDI cell. To our knowledge, our system is the first to demonstrate such
measurements. Our system measures the local fluorescence signal of a neutrally charged
probe added to the salt-water solution, and whose fluorescence is collisionally quenched
by chloride ions. As the probe is neutrally charged, it does not migrate despite the
presence of an electric field in our charging CDI cell. We thus can correlate local
fluorescence intensity between our charging electrodes to local ion (salt) concentration.
We further compare our resolved measurements of ion concentration to a state-of-the-art
modified Donnan (mD) CDI dynamic transport model [32]. Importantly, we here study
the desalination dynamics in a cell without flow, whereas in future studies flow can be
included, and its effects on the dynamics separately studied. As opposed to common
effluent conductivity measurements, the current approach enables detailed diagnostics of
transport-related phenomena and provides data to validate modeling efforts.
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5.2 Theory
In this section, we describe the dynamic transport model we used to compare to
our experimental data. We used a modified Donnan (mD) model, which has been
previously utilized to model desalination in CDI systems using multi-scale porous
electrodes [32, 85]. The mD model assumes an electrode pore structure which is
composed of larger macropores (typically > 50 nm in diameter) and smaller micropores
(typically < 2 nm in diameter). Fluid flow, ion diffusion, and ion electromigration in the
electroneutral macropores occur in response to, respectively, hydrostatic pressure,
concentration, and potential gradients in those pores. Upon applying a voltage step to the
porous electrode, salt ions are electrostatically transported from the macropores into the
micropore volume in order to shield the micropores’ surface charge. As the Debye length
characterizing EDL thickness is approximately 1-10 nm for typical CDI cell feedwater
salt concentrations, the mD model assumes that the EDLs lining the micropore walls are
strongly overlapped. Thus, the electric potential in these pores is assumed to be uniform.
Here, a Donnan potential drop, Δφ D , exists between the equipotential micropore and its
adjacent macropore. The term “modified” is used, as here this model also includes a Stern
layer in the micropore EDL, and accounts for non-electrostatic transport of salt into the
micropores (from physi or chemisorption interactions between the carbon surface and the
salt ions) [32].
To develop this model, we assume a one-dimensional geometry (direction x only,
along the direction of the applied electric field, see Figure 5.1a, quiescent fluid in the cell,
uniform porosity throughout the electrode, and a binary, symmetric, univalent and dilute
electrolyte. Thus, the conservation of salt in a porous, multi-scale electrode consisting of
macro and micropores is expressed as [32]:

pma

∂cma
∂w
∂ ⎛
∂c ⎞
+ pmi mi = ⎜ pma D ma ⎟ ,
∂t
∂t
∂x ⎝
∂x ⎠

wmi ≡

cmi,c + cmi,a
.
2

(5.1)

(5.2)
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Here, cma is the ion concentration in the electroneutral macropore, and cmi is the
concentration in the micropore. In the micropore, anion and cation concentrations are not
equal in order to balance the solid wall surface charge, and so cmi,a and cmi,c refer to the
anion and cation concentration respectively. Further, pma and pmi are the porosities
associated with macro and micropores respectively, zi is the valence of species i, Di is the
diffusivity. φ is the local non-dimensional potential in the macropore (dimensional
potential is normalized by VT, where VT is the thermal voltage), and wmi is the average ion
concentration in the micropores. We can further write a balance of charge equation as:

pmi

∂qmi
∂ ⎛
∂φ ⎞
= ⎜ pma Dcma ⎟ ,
∂t
∂x ⎝
∂x ⎠

(5.3)

cmi,c − cmi,a
.
2

(5.4)

qmi ≡

For univalent species, 2qmiF is the excess positive volumetric charge density in the
micropores. The total potential drop between the solid (carbon) phase, φ1, and the local
macropore liquid phase is:

φ1 − φ = Δφ D + Δφst .

(5.5)

Where the Donnan potential is defined as ΔφD ≡ φmi - φ, the potential drop across the
Stern layer is defined as Δφst ≡ φ1 - φmi, and φmi is the potential in the micropore volume
(outside the micropore Stern layer). Assuming equilibrium between the micro and
macropore, we can write the following relation for concentrtaion of ions in the
micropore:

cmi,i = cma,i exp(−zi Δφ D + Δµatt ,i ).

(5.6)

Where Δµatt,i is a potential representing the non-electrostatic driving force for ions to
enter into micropores. Last, we invoke the definition of capacitance to link qmi to the
potential drop across the micropore Stern layer:

75	
  
qmi =

σ mi
C Δφ V
= − st st T
2F
2F
.

(5.7)

Where σmi is the excess positive volumetric charge density in the micropore, and Cst is the
volumetric micropore Stern layer capacitance. Previous studies on activated carbon
electrodes have shown that often Cst must be allowed to increase with Δφs or qmi in order
to describe data accurately [32, 57]. We can describe wmi and qmi in terms of the Donnan
potential and cma (and assuming that Δµatt,a = Δµatt,c = Δµatt), which gives us our final set
of equations:
∂(qmi + ⎡⎣ cma e
∂c
pma ma + pmi
∂t
∂t
2

pmi

Δµatt

2

⎤⎦ )1/2
∂ ⎛
∂cma ⎞
=
⎜⎝ pma D
⎟,
∂x
∂x ⎠

∂qmi
∂ ⎛
∂φ ⎞
=
⎜⎝ pma Dcma ⎟⎠ ,
∂t
∂x
∂x

φ = φ1 + sinh −1 (qmi / cma eΔµatt ) + 2qmi F / (CstVT ).

(5.8)

(5.9)
(5.10)

We also include in our model domain a separator layer between the porous electrodes,
as is in our experimental cell (see Figure 5.1a). In the section of the model domain
representing the separator (le ≤ x ≤ le+ls, where le is the electrode thickness, and ls is the
separator thickness), we remove the salt and charge sink terms in Eq. 5.6 and 5.7 (terms
led by the factor pmi). Thus, qmi is not a dependant variable in the space between
electrodes, and we do not solve for Eq. 5.8 in this part of the domain. Further, in the
separator, the parameter pma in the model is replaced by the porosity of the separator
layer, ps. At the internal boundaries of our model domain representing the electrode-space
interface, we ensure the continuity of ion concentration and salt flux, as well as continuity
of potential and charge flux. The latter flux conditions can cause a discontinuity in
concentration and potential gradients across these internal boundaries due to a
discontinuity in porosity, pma [28], To mimic the conditions of our experimental cell (see
Figure 5.1b), we use zero ion flux and zero ionic current boundary conditions at the cell’s
outer electrode surfaces:
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∂c
∂x
∂c
∂x

=
x=0

=
x=2le +ls

∂φ
∂x

x=0

∂φ
∂x

x=2le +ls

=0

,

(5.11)

= 0.
(5.12)

For initial conditions, we assume a uniform concentration in the cell, co, zero
potential applied to the cell ( φ = 0 for all x), and zero net charge in the micropores
(qmi = 0 for all x). To apply the potential, we use a ramp function factor before the φ1
term in Eq. 5.8 of 1-exp(-t/τ), with a ramp time constant, τ, of 0.001tD, where tD = ls2/4D
is a characteristic diffusion time. Thus, φ1 ramps from zero to the potential applied to the
solid phase of the electrode with a characteristic time of τ.
5.3 Experimental Methods
5.3.1 CDI cell design
In Figure 5.1a, we show a schematic of the CDI cell used in this study. Our CDI
cell consisted of two, custom-fabricated hierarchical carbon aerogel monolith (HCAM)
electrodes. Each electrode had a cross section (in the electric field direction) of
approximately 5.7 x 5.7 mm, and was 1 mm thick. The HCAM electrode pore structure
consists of a micron-scale pore network (so-called “macropores”), with nanoscale pores
then etched into the carbon surfaces through the process of thermal activation (so-called
“micropores”) [30, 70, 72, 97]. In this work, we use HCAM electrodes which had been
thermally activated (exposed to CO2 at 950°C) for 2 h. The rest of the steps in fabrication
of the HCAMs used in this study are as described in Baumann et al [72]. HCAM
electrodes have previously been utilized in flow-through electrode capacitive desalination
systems systems [30], and as electric double layer capacitor energy storage systems [70].
We measured the total porosity (pma+pmi) of our HCAM electrode as approximately 0.77
using dry/saturated measurements of the electrode mass. From previously reported N2
adsorption porosimetry measurements [97], we estimate that our electrode has a porosity
associated with the micropores, pmi, of about 0.2, and so we can approximate pma = 0.77 -
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pmi = 0.57. In our CDI cell, the HCAM electrodes were separated by a distance of
1.5 mm. The step voltage applied to the cell varied between 0.5 and 1.25 V.
5.3.2 Experimental setup
In Figure 5.1b, we show a schematic of the experimental setup used for
visualizations of ion concentration between two charging electrodes. In this system, we
insert the two HCAM electrodes into a clear, 1.6 cm long, square borosilicate channel
with a 5.9 x 5.9 mm internal cross section (Friedrich & Dimmock Inc., Millville, NJ).
Between the electrodes, we place a 5.8 x 5.8 mm acrylic frame with a thickness (along
the borosilicate channel axis) of 1.5 mm (McMaster-Carr, Santa Fe Springs, CA). The
frame was three sided, with a slot of 5 x 5 x 1.5 mm laser ablated into the open fourth
side (Universal Laser Systems, Scottsdale, AZ). The slot’s purpose was to allow for
optical access into the space between the two HCAM electrodes. Two 5 x 5 mm, 127 µm
thick titanium foil sheets (Alfa Aesar, Ward Hill, MA) were inserted into the borosilicate
channel and contacted with the outwards-facing ends of the HCAM electrodes. Acrylic
rectangles (so-called “holders” in Figure 5.1b) with cross-section dimensions of 5.8 x 5.8
mm and length (along the channel axis) of 6.1 mm were placed behind the platinum foil,
and a platinum wire was inserted through a hole drilled into the center of the “holder” to
contact the foil. The platinum wire was used contact the external power supply (Keithley,
Cleveland, OH) with the platinum foil current collector. On each side of the glass
channel, two 1.5 mm thick acrylic endplates were bolted together, sandwiching a
compressible Teflon gasket, in order to seal the setup and compress the setup components
for good electrical contact. Both endplates had external dimensions 2 x 2 cm, and one
endplate had a 7.6 x 7.6 mm window machined into its center in order to insert and
adhere the borosilicate channel’s end into this window. For all visualizations, we used an
inverted epifluorescent microscope (Eclipse TE300, Nikon, Japan), a 4x, NA 0.2
objective (Nikon, Japan), and captured images with a CCD camera (PI-MAX: 512,
Princeton Instruments, Trenton, NJ) with a 24 µm pixel width. Further, we used a
11000v3 Chroma filter cube (Chroma, Bellows Falls, VT) with peak excitation
wavelength range of roughly 320-380 nm, and broadband emission beyond 420 nm.
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Figure 5.1: a) Schematic of the capacitive deionization (CDI) cell used in this study. The
cell consists of two 1 mm thick HCAM electrodes which were held 1.5 mm apart. The
HCAM electrodes have a hierarchical pore structure consisting of micron-scale
“macropores” and nanoscale “micropores”. b) Schematic of the middle cross section of
the setup used to visualize ion dynamics between two porous HCAM electrodes. The
1 mm thick electrodes were inserted into a transparent borosilicate glass channel with
outer dimension 7.6 x 7.6 mm, and separated to a distance of 1.5 mm by a thin acrylic
frame. The acrylic frame is three sided, with an open fourth side which permits UV light
to enter into a 5 x 5 x 1.5 mm space between electrodes. The electrodes and space
between them is filled with a KCl salt and SPQ probe solution. UV light excites the
chloride-sensing SPQ, whose fluorescent emissions are captured by our microscope
objective and CCD camera.
5.3.3 Chloride ion concentration measurements
We measured spatially and temporally resolved salt concentration in the space
between charging HCAM electrodes using species-altered fluorescence imaging (SAFI)
[98]. As our fluorescent probe, we use 6-methoxy-N-(3-sulfopropyl)quinolinium (SPQ)
(Santa Cruz Biotechnology Inc., Dallas, TX). SPQ is excited by UV light at about
344 nm, and subsequently emits visible light with peak intensity at 443 nm. SPQ
fluorescence emissions are collisionally quenched by chloride ions, and its fluorescence
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intensity in a chloride ion containing salt solution (in the absence of other quenchers) can
be described by a Stern-Volmer equation [99]:

Io
= 1+ K Q,cl − [ccl − ] .
I

(5.13)

Where Io is the fluorescence intensity at zero chloride ion concentration, I is the intensity
at a chloride ion concentration of ccl-, KQ,cl- is the quenching constant, which is 107 M-1
for a salt solution with solely chloride anions [100]. A key feature of SPQ is that it is
neutrally charged, and so does not electromigrate despite the presence of an electric field
in our charging CDI cell [100]. Thus, changes in observed SPQ fluorescence can be
attributed solely to changing chloride ion concentration. We linked measured SPQ
fluorescence to local chloride ion concentration with the following equation, derived
from Eq. 5.13:

[ccl − ] =

⎞
1 ⎛ I ref
(1+ K Q,cl − [ccl − ,ref ]) − 1⎟ .
⎜
⎠
K Q,cl − ⎝ I

(5.14)

Iref is the fluorescence intensity measured at a reference concentration, ccl-,ref. In our
experiments, the reference fluorescence is that of the initial (undesalted) solution before
application of the cell voltage.
5.3.4 Experimental protocol
In all experiments, we used an electrolyte consisting of KCl salt and SPQ probe.
We used KCl because the ionic mobilities of the K+ and Cl- ions are approximately equal,
and thus our experiments adhered to the assumptions used in the modified Donnan model
(see Theory section). We used KCl solutions with concentrations of either 50 or 80 mM,
and an SPQ concentration of 5 mM in all experiments.
The following protocol was used in all experimental results presented in this
work. For at least 12 h before experiments, each HCAM electrode was soaked in a 10 mL
solution of either 50 or 80 mM KCl and 5 mM SPQ (where each electrode held < 100 µL
of solution in its pore space). On any day, experiments were performed with solely a
single KCl concentration. Changing the KCl concentration used in our experiments was

80	
  
preceded by a 12 h soak with the new concentration. This latter procedure allowed the
HCAM electrodes to come to equilibrium with the pertinent KCl and SPQ solution before
running the experiments. Immediately before an experiment, we inserted all the
components into the borosilicate channel, filled the space between the electrodes with the
same KCL and SPQ solution as in the electrode pore space, and sealed the endpieces (see
Figure 5.1b). We then measured SPQ fluorescence in the space between the HCAM
electrodes using our optical setup for at least 20 s (at 1 frame per second) before applying
the cell voltage and measuring the spatially resolved, dynamic SPQ fluorescence signal
for at least another 1000 s (1000 frames). The raw visualization signal was background
subtracted and normalized by a flatfield. The background was an ensemble average of 20
frames taken of an uncharged setup filled with SPQ-absent KCl solution. The flatfield
was an ensemble average of the first 20 frames taken during an experiment before
application of the electric field. We varied the magnitude of the step voltage applied at
the start of an experiment, using voltages from 0.25 to 1.25 V. The latter range ensured
observable desalination at all voltages, yet prevented significant water electrolysis in the
cell. Our power supply measured the current it supplied to the cell for the 1500 s after
applying the step potential, with a sampling frequency of about 1 Hz.
5.4 Results
We first use simultaneously captured visualization and current measurement
results to determine the volumetric Stern layer capacitance, Cst, and the non-electrostatic
potential, Δµatt, of our HCAM electrodes. These two parameters can be determined
through fitting the measured equilibrium salt concentration and charge stored in our cell
to equilibrium mD model results [57, 86]. Equilibrium salt concentration is measured
from SPQ fluorescence visualization data at 750 s after application of the cell voltage. At
this time, SPQ fluorescence intensity (our signal of salt concentration) is largely constant
in time (see Figure 5.3b). The charge stored is calculated by integrating under the
measured current versus time curve after subtracting the equilibrium leakage current
(current at 1500 s, see Figure 5.4). As shown in Figure 5.2, both equilibrium
concentration and charge data are fairly well described by the equilibrium mD model
results when using Δµatt = 1.5, Cst,o = 1.3E8 F/m3, and utilizing a voltage dependant Stern
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layer capacitance of the form Cst = Cst,o + α*qmi2 with α = 30 Fm3/mol2. We further used a
separator porosity, ps = 0.77, to account for the thin acrylic frame which occupies part of
the space between electrodes. The latter values for Cst, Δµatt, and α are similar to those
measured for activated carbon electrodes and carbide-derived carbons (CDC) electrodes
[57, 86]. For example, Porada et al. determined that Cst ~ 2E8 F/m3, Δµatt ~ 3 and
α ~ 20 Fm3/mol2 were the values which best described desalination data when using CDC
electrodes and 5 mM NaCl solution [57]

Figure 5.2: a) Measured equilibrium cell concentration and b) measured equilibrium
charge stored vs. applied potential for initial concentrations of 50 (blue lines) and 80 mM
(black lines). The square markers are data points obtained from a) visualizations and b)
measured current from our two electrode cell with KCl salt. The lines are from the fitting
of this data to modified Donnan (mD) model results with Cst = 1.3E8 F/m3, Δµatt = 1.5,
and α = 30 Fm3/mol2.
In Figure 5.3a and c, we present results of the spatially and temporally resolved
measurements of salt concentration in the space between porous electrodes. We plot these
results in spatiotemporal form, where the abcissa is the position in the cell, x (see Fig.
5.1a), and the ordinate plots time from application of the step voltage to the cell. The
visualized domain spans the middle 1 mm of the space between electrodes, and thus
x = 0.5 mm represents the cell mid-point. The colormap represents the measured ydirection averaged SPQ fluorescence (salt ion concentration) in false color, with orange
representing the initial concentration, and lighter colors (e.g. yellow) representing lower
salt content. Black isoconcentration lines are also shown on the plots, demonstrating the
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desalination extent and dynamics. In Figure 5.3a, we show the early time desalination
dynamics for the case of 50 mM KCl and 0.75 V applied, and in Figure 5.3c, we show the
complete (to steady state) dynamics for the case of 80 mM and 1 V applied. As can be
seen, isoconcentration lines typically have a concave shape, meaning that at most times,
the lowest concentration in the visualized separator space is closest to the electrode
surface, and the highest concentration occurs about at the center of the cell. For example,
in Figure 5.3a, a concentration of 47.5 mM is achieved at the edges of the visualized
region at ~ 70 s, but this concentration is only achieved in the center at ~ 120 s. As can be
seen in Figure 5.3c, isoconcentration lines separated by 5 mM are more closely spaced at
early times, and then become farther apart as the concentration approaches an equilibrium
value. The latter observations are consistent with a slow, diffusion-limited, transport of
salt ions from the visualized space into ion depleted porous electrodes.
In Figures 5.3b and d, we plot the mD model results in spatiotemporal form in order
to compare the measured desalination dynamics (Figures 5.3a and c) with mD model
results. The mD model (coupled Eqs. 5.8-5.10) was solved with commercially available
finite element simulation software (Comsol Multiphysics 4.3, Burlington, USA). For the
model results, we used an ion diffusivity, D, of 1.75E-9 m2/s (accounting for finite ionic
strength effects on K+ and Cl- diffusivity). The model results show similar dynamics to
the experimental results. Namely, the shape and location in time of the isoconcentration
lines are fairly consistent between model and experiment. The largest deviations in
predicted vs. measured isoconcentration lines are seen between Figures 5.3c and 5.3d at
times longer than 250 s. Here, the experimental isoconcentration lines become
asymmetric in x, although their location in time is still similar to those of the mD model.
The latter demonstrates that broadly, the desalination dynamics are captured by the mD
model, but non-negligible differences between model and experiment remain, especially
at longer times. In Figure 5.3c, we observe that the negatively charged (on the right)
electrode seems to desalinate faster and then come to equilibrium faster than the left
(positively charged) electrode. That is, the 35 mM isoconcentration line shows a stronger
slope at the right side than the left, indicating a stronger concentration gradient and
diffusive ion flux into the negative electrode. At 30 mM, the rightmost slope is nearly
zero (the isoconcentration line is nearly flat), indicating that diffusive salt transport into
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the negative electrode is largely complete at this time (at 500 s). Physically, this indicates
that the negative electrode may have allowed for more facile transport of ions through its
structure (i.e. a higher effective diffusivity in this electrode). As effective diffusivity in a
porous medium can be affected by the materials porosity, tortuosity, surface charge, and
other wall-ion interactions [13, 14, 43], further study is required to fully explain our
observations. Direct observation of such asymmetries is made possible via the spatially
and temporally resolved measurements of ion concentration between electrodes of CDI
cells.
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Figure 5.3: Spatiotemporal plots of concentration vs. time and x from a,c) visualization
data for a) 50 mM KCl, 0.75 V, and c) 50 mM KCl, 1 V. Also included are b,d) modified
Donnan model results for comparison to a) and c), respectively. The colormap is a false
color representation of SPQ fluorescence, and thus indicates concentration magnitude.
Further, black isoconcentration lines are shown.
In Figure 5.4, we present solely experimental results of both charge stored, q,
(black lines) in the CDI cell and salt removed from the visualized space, n, (blue lines)
versus time non-dimensionalized by the diffusion time across the separator half-width
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(tD = ls2/4D). Here, we show results for eight different experimental conditions, including
for initial concentration of 80 mM and voltages of 0.5 (solid line), 0.75 (dotted), 1 (long
dashes), and 1.25 V (long dash-dot), as well as initial concentration of 50 mM KCl, and
voltages of 0.5 (long dash-double dot), 0.75 (short dashes), 1 (short dash-dot), 1.25 V
(short dash-double dot). We further non-dimensionalize n and q by their values at
equilibrium (at 750 s, or ~ 2.3tD). This normalization of the ordinance approximately
collapses the n vs. t/tD curves (see unscaled data in the inset). This suggests that the
desalination dynamics are largely independent of applied voltage or concentration, an
indication that the transport mechanism governing desalination of the space between
electrodes is diffusion. We also note that the completion of the desalination of this
visualized space occurs at about the proposed diffusion timescale, tD, as it is largely
complete by about 2tD. Also, when comparing the q/qeq curves to the n/neq curves, we see
a distinct difference between the dynamics of cell charging and that of desalination of the
space between electrodes. The q/qeq curves all rise up quickly upon application of the
electric field, to reach a value of roughly 0.4 to 0.6 at t/tD = 0.25. However, the n/neq
curves are only at a value of about 0.1 at this time. This latter observation demonstrates
that desalination of our CDI cell upon application of a step potential can be described
roughly by a 2 stage process: 1) the cell quickly (relative to tD) charges; and 2) at a later
time, the space between electrodes begins to desalinate significantly. There are at least
two possible reasons for the delayed desalination of the space between electrodes
(relative to cell charging). First, this can be due to the potential dependant charge
efficiency of the porous electrodes [49]. As has been suggested by Porada et al., charge
efficiency grows with the hyperbolic tangent of the Donnan potential, and so is smallest
at early times in cell charging [57]. As a result, despite significant EDL charging,
potentially little desalination may occur at these early times. Secondly, as suggested by
our data in Figure 5.4, and our previous work [30], the transport mechanism governing
salt ion removal from the space between electrodes is diffusion into ion depleted
electrode pores. This can lead to slow (relative to cell charging), diffusion-limited,
desalination of the separator space [30].
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Figure 5.4: a) Measurements of normalized salt removed from the visualized space
between electrodes, n/neq, and normalized charge stored, q/qeq versus time nondimensionalized by the diffusion time across the separator half-width, t/tD. Data includes
results for initial concentrations of 80 mM and voltages of 0.5 (solid line), 0.75 (dotted),
1 (long dashes), and 1.25 V (long dash-dot), as well as 50 mM KCl, and voltages of 0.5
(long dash-double dot), 0.75 (short dashes), 1 (short dash-dot), 1.25 V (short dash-double
dot). Voltage is applied at t = 0 s. Normalizing n by neq causes an approximate collapse of
these curves (see raw data in the inset). Further, distinct differences are observed between
the non-dimensional cell charging (q/qeq) and desalination (n/neq) dynamics. The cell
charges quickly upon application of the electric field, reaching roughly 50% charged at a
time of 0.25. Desalination requires longer times, as the space between electrodes is
roughly only 10% desalted at a time of 0.25. Significant desalination occurs at times of
approximately unity (the diffusion time), as n/neq ~ 0.6 at t/tD ~ 1.
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5.5 Conclusion
We have demonstrated a first time measurement of spatially and temporally
resolved ion concentration between porous electrodes of a capacitive deionization (CDI)
cell. Since in CDI cells, often the feedwater is flowed between the two charging CDI
electrodes, these measurements and results are highly applicable to real devices. Our
measurements demonstrated fairly good agreement with a modified Donnan (mD) model
capturing desalination dynamics, but still our technique uncovered some unexplained and
significant differences, especially at longer times approaching equilibrium. Finally, we
demonstrated a large difference between cell charging and desalination timescales,
illustrating that desalination of the space between the electrodes is much slower than cell
charging. Direct visualization of salt concentration and gradients in CDI cells may in the
future be used in studies including salts with unequal cation and anion mobilities (e.g.
NaCl), and the study of desalination dynamics including flow effects.
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Chapter 6
Conclusions, contributions and recommendations

6.1 Conclusions
This dissertation presented the theoretical, experimental and prototype
development work involving hierarchical porous electrodes for capacitive water
desalination systems. The key contributions of this thesis are enumerated and described
below.
6.1.1 Advanced characterizations of multi-scale porous electrodes
1) Development of a novel framework for advanced characterizations of hierarchical
porous electrodes with bimodal porosity. Advanced characterization refers to the
ability to measure separately the contributions to capacitance and resistivity of the
larger transport pores and smaller storage pores
2) Demonstration of the advanced characterization of a set of newly developed
hierarchical carbon aerogel monolith (HCAM) electrodes.
3) We performed and described the results of a set of EIS measurements on HCAM
electrodes which applied varying voltages. The voltages of the sub-nm porous
unactivated HCAM demonstrated strongly voltage-dependant impedance. The
latter was attributed to possible ion solvation sphere distortion effects.
4) A discussion on how our advanced characterization techniques could potentially
lead to quantitative studies of ion storage mechanisms, associated energy losses,
and transport limitations for charging sub-nm pores.
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6.1.2 Spatially and temporally resolved studies of desalination cell dynamics
1) We introduced a novel, in situ experimental technique to measure spatially and
temporally resolved salt concentration between the two charging desalination
electrodes. The latter technique enables more fundamental and controlled studies
of ion dynamics relative to frequently used effluent conductivity measurements.
2) We built an optical experimental system which enabled visualization of a
neutrally charged, chloride-sensing probe in an HCAM capacitive deionization
(CDI) system with quiescent electrolyte.
3) We demonstrated the first spatially and temporally resolved measurements of ion
concentration between charging porous electrodes in a CDI cell.
4) We fit our experimental results to a modified Donnan (mD) model in order to
measure key HCAM electrode parameters and compare to our experimental
visualization results.

6.1.3 Flow-through electrode capacitive desalination
1) Development of a simple dynamic transport model for capturing desalination in a
complete capacitive desalination cell (including both electrodes and separator).
The latter model assumes a Helmholtz electric double layer (EDL) structure and
quiescent fluid
2) Demonstration of diffusion-limited desalination of the separator space using the
Helmholtz model. At the model conditions, the desalination of the separator space
took significantly longer and was less efficient relative to the desalination of the
electrodes’ pores. The latter observation demonstrates the potential benefits of
flow-through electrode capacitive desalination, where the feed is largely in the
electrodes and not the separator.
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3) We described the development of a modified Donnan (mD) based model
capturing flow-through electrode capacitive desalination. The latter model
provides a more realistic treatment of EDL structure compared to the Helmholtz
model.
4) We solved the mD model with flow through the electrode for the first time, and
demonstrated the predicted desalination and charge dynamics in a flow-through
electrode cell with realistic cell geometry and fluid velocity.
5) We describe the development and fabrication of a novel flow-through electrode
(FTE) capacitive desalination (CD) prototype. This prototype enabled flow
through the electrodes by utilizing newly developed hierarchical carbon aerogel
monolith (HCAM) electrodes. HCAM electrodes were well suited for the
application, as their hierarchical pore structure allows for both efficient flowthrough and high capacitance.
6) We experimentally characterized our FTE CD prototype and demonstrated both
fast and efficient desalination of a sodium chloride solution. We demonstrated a
mean sorption rate of up to 0.96 mgTDS/gcarbonmin, and up to 70 mM concentration
reduction per charge.
6.2 Recommendations
My thesis work has opened up several potential paths for further research, both
theoretical and experimental. Potential future works include:
1) Optimization and scale-up of flow-through electrode capacitive desalination cells
for improved performance. The cell developed in this work was a first-of-its-kind
handheld prototype, capable of processing at most 1 L per day. As such, there
remains significant room to improve upon the performace of this first device. One
easy way would be a gemetric optimization which attempts to minimize the
electrode thickness (in the electric field direction) while ensuring mechanical
stability of the electrode material. Since the electrode’s RC time constant is
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proportional to the electrode thickness squared, this type of geometric
optimization can significantly speed up the desalination process to sub-minute
times. Secondly, it is important to demonstrate this improved performance in a
scaled-up version of this cell. Ideally, this cell system would demonstrate the
efficient and fast desalination of somewhere from 100-1000 L per day, which is
appropriate for small-scale desalination applications.
2) Experimental validation of a flow-through electrode capacitive desalination
dynamic transport model. My work presents both a simple Helmholtz and more
appropriate modified Donnan (mD) dynamic transport model. Future work should
utilize either the mD or another model to compare to a large and dedicated set of
experimental results. Demonstrating a model which well-captures experimental
performance can greatly help future design and optimizations of flow-through
electrode capacitive desalination cells.
3) Experimental results of the performance of flow-through electrode capacitive
desalination cells with real waters and over long operation times. The latter work
would be an important step towards further understanding the potential of flowthrough electrode capacitive desalination to be a realistic water desalination
solution. The work presented in my thesis used simple NaCl solutions to
demonstrate proof of concept, but real waters consist of many different types of
salt ions as well as organic or other potential contaminants. Further, operating the
system for months at a time, exposed to real water, would be an important step for
demonstrating the robustness of this technique. I believe flow-through electrode
capacitive desalination has high potential to be a very robust desalination system,
as the pores enabling flow are micron-scale which can thus potentially be less
prone to scaling or blockage (unlike the nano-scale pores of reverse osmosis
membranes). Further, this technology has previously demonstrated an ability to
self-clean through use of the electric field, for example as shown by Farmer et al.
by reversing polarity.[Farmer, 1996]
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Appendix A
List of Symbols and acronyms

Symbol

Description

a

Electrode surface to volume ratio, m2/m3

C

Capacitance, F, F/m2, F/m3, F/g

c

Concentration, mol/m3

D

Diffusivity, m2/s

e

Elementary charge, C

F

Faraday’s constant, C/mol

f

Defined function

I

Fluorescence intensity

i

Ionic current density, A/m2

j

Area-averaged flux crossing the solid/liquid boundary, mol/m2s

KQ

Quenching constant, M-1

kB

Boltzmann’s constant

l

Thickness

m

Mass, kg

n

moles of salt, mol

N

Ionic flux, mol/m2s

Pe

Peclet number

p

Porosity

q

Electric charge, C, or net ionic charge, mol/m3

R

Resistance

r

Radius, m

T

Tortuosity

t

Time, s

u

Velocity, m/s
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v

Ion mobility,

V

Applied voltage, V

w

Average ion concentration in the micropores

x

Position, m

Z

Impedance, ohms

z

Ion valence

Greek
α

Stern layer capacitance constant, Fm3/mol2

ϕ

Potential, V

µ

Electrochemical potential

ρ

Resistivity, ohm*m

σ

Conductivity, S/m

τ

Time constant, s

ω

Frequency, rad/s

Subscripts
1

Solid phase

a

anion

att

Non electrostatic attraction

c

cation

co

Co-ion

count

Counterion

D

Diffusion

DL

Double layer

e

Electrode

ef

Effective

eff

Effluent

eq

Equilibrium

ma

Macropore
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mi

Micropore

o

initial

ref

Reference state

res

Reservoir

s

Separator

ss

Steady state

st

Stern layer

su

Superficial

T

Thermal

Acronyms
CD/CDI

Capacitive desalination/Capacitive deionization

EDL

Electric double layer

EIS

Electrochemical impedance spectroscopy

FTE

Flow-through electrode

HCAM

Hierarchical carbon aerogel monolith

mD

Modified Donnan

RC

Resistive-Capacitive
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Appendix B
Addendum to: Impedance-based study of capacitive
porous carbon electrodes with hierarchical and bimodal
porosity

B.1 Effect of transport pore capacitance on model results
Inclusion of the transport pore capacitance, Ct, in the circuit model has a
significant impact on the predicted electrode impedance, even for the case where
Ct << Cs. In Figure B1, we show electrode impedance curves for the case of Rs = 45 Ω, Rt
= 30 Ω, Cs = 0.5 F, and separate curves for the cases of Ct = 0.01 F, and Ct = 0. The
parameters used in the former curve are approximately those obtained from data to
experiment fits for the unactivated HCAM material (see Table 1 in the main paper). From
Figure B1, at Ct = 0 we do not observe 45° phase angle near the origin, but this feature is
seen for Ct = 0.01 F. Further, in our experimental EIS data of the unactivated sample, we
had observed a 45° phase angle near the origin (see Figure 2.7 inset in Chapter 2.4).
Thus, inclusion of the parameter Ct in our circuit model was crucial to obtaining
reasonable fits to the measured impedance of the unactivated HCAM.
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Figure B1: Effect of transport pore capacitance, Ct, on complex impedance (Nyquist
plot). Shown are circuit model results for Ct = 0.01 F and Ct = 0. The parameter Ct
strongly influences the phase angle near the origin.
B.2 Additional SEM images of the HCAM electrodes
In Figure B2, we show additional scanning electron microscopy (SEM) images of
our unactivated and 5 h activated HCAM samples. Figure B2a shows the unactivated
HCAM transport pore network, and Figure Bb is a close-up view of the transport pore
wall. Figure B2c shows the activated HCAM tranport pore network, and Figure B2d is a
close-up view of the transport pore wall. In Figure B2d, we see evidence of fine features
(order 10 nm, near the SEM resolution limit). These features are not present in Figure
B2c, suggesting they are the result of thermal activation. We account for such fine scale
structures in our model as storage pores
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Figure B2: SEM images of a), b) an unactivated, and c), d) a 5 h activated HCAM
sample.

Images b), d) are close-ups of the transport pore walls. Activation results in

fine scale features with length scales on the order of, or smaller than, the resolution of the
visualization technique.

B.3: Electrochemical impedance spectroscopy results for 0.5 M NaCl
In Figure B3, we show the results of electrochemical impedance spectroscopy
(EIS) measurements on the unactivated and the 5 h activated HCAM material at 0 V vs.
our Ag/AgCl reference electrode. The activated sample was scanned from 10 kHz to 10
mHz, while the unactivated sample was scanned from 10 kHz to 1 mHz to better capture
the low frequency asymptote. The inset shows a close-up of the near origin region of the
plot. The features seen here are similar to those from the data taken at 2.5 M, which are
shown in Figure 2.7 of Chapter 2.4. For example, the activated material’s impedance has
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a 45° phase angle at higher frequencies and approaches a constant real value (vertical
line) at lower frequencies. The unactivated HCAM’s impedance is characterized by a 45°
phase angle at the highest frequencies, an approximately 22.5° angle at intermediate
frequencies, and then impedance approaches a constant real value asymptote. The
unactivated aerogel impedance has a constant real value asymptote over 20 times greater
than that of the activated HCAM, similar to the variation in asymptotes seen in Figure 2.7
of Chapter 2.4 between activated and unactivated HCAM electrodes. The latter
comparison demonstrates the potential of thermal activation to reduce electrode
resistance.

Figure B3: Nyquist plot of impedance from EIS measurements for a 5 h activated
HCAM electrode (hollow diamonds) and an unactivated HCAM electrode (black dots) at
0.5 M NaCl. Activation of the electrode results in approximately 20x reduction of the low
frequency values of real impedance (the electrode resistance).
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B.4: Sub-nm porous electrode parameters and circuit model
As described in the main paper, the unactivated HCAM electrode demonstrated a
significant decrease in resistance and increase in capacitance with increasing voltage. We
here present the details behind the calculations of the unactivated HCAM electrode’s
resistance and capacitance values. We utilized the values from Table 1, column 1 to
model the resistance and capacitance of the unactivated aerogel at a potential of 0.0 V.
The electrode capacitance is C = Cs + Ct = 48.5 F/g, and the electrode resistance is
R = (ρs+ρt)*L/A = 73.9 Ω, where L = 0.8 mm is the electrode thickness in the electric field
direction, and A = 28.2 mm2 is the electrode cross-sectional area. At unactivated HCAM
potentials of 0.5 and -0.5 V, we cannot reasonably fit our circuit model presented in the
Theory Section to our measured EIS data, as our circuit model does not capture the semicircular feature seen at high frequencies (see Figure Figure 2.7b inset). Thus, we instead
estimate the resistance and capacitance of the unactivated HCAM electrode at these
potentials by using R = 3*Zreal(ωf) and C = -1/ωfZim(ωf), where ωf is 2π(10 mHz). From
these calculations, the unactivated HCAM resistance and capacitance varies from 73.9 Ω
and 48.5 F/g at 0 V to roughly 10 Ω and 92 F/g at 0.5 V (with similar resistance and
capacitance also measured at -0.5 V).
In the inset of Figure 2.7b of the main paper, our EIS measurements of the
unactivated HCAM electrode exhibited a high-frequency semi-circular feature at the
higher electrode voltages. We here hypothesize that this feature may be due to transport
limitations associated with ions entering the sub-nm storage pores of this material, and
these limitations may be associated with the process of ion desolvation. In Figure B4a,
we present a preliminary circuit model which includes a resistance for ions entering the
sub-nm pore, Rsub-nm. In Figure B4b, we show the Nyquist plot representation of this
circuit model for the case of Rt = Rs = 1 Ω, Ct = 0.01 F, Cs = 1 F, and Rsub-nm = 0.5, 1, 2,
and 5 Ω, and a frequency range of 100 kHz to 100 mHz. These impedance curves show a
prominent semi-circle at higher frequencies, and so this model may be a useful starting
point for capturing the full frequency and voltage range of impedance data from sub-nm
porous electrodes.
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Figure B4: a) Schematic of the nested transmission line circuit model including an extra
resistance for ions entering the sub-nm storage pores, Rsub-nm. b) Model predictions for the
cases of Rsub-nm = 0.5, 1, 2, and 5 Ω.
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Appendix C
Addendum to: Capacitive desalination dynamic
transport models

C.1 Derivation of macroscopic porous electrode theory transport equation
The following derivation is based on that given in Appendix B of the thesis of JA
Trainham [101]. Macroscopic transport equations are derived using a differential control
volume with characteristic dimension much smaller than the electrode dimensions, but
significantly larger than the characteristic dimension of the pores’ cross section [102].
Thus, a point in our macroscopic model domain contains both liquid (pore volume) and
solid phases [102]. The resulting transport equations can neglect the often-complex,
micro-level, geometric details of the pores.
First, we write the local conservation of species in the liquid volume of the pores:

∂c i
= −∇ ⋅ N i
∂t

(C.1)

Here, ci is the local liquid phase concentration of species i, Ni is the flux of species i, and
we assume no chemical reactions in liquid phase volume. Next, we integrate Eq. C1 over
the liquid phase (pore volume) of our carefully chosen differential control volume, and
then use the divergence theorem on the flux term:

∂c i
dV = − ∫ ∇ ⋅ N i dV
∂t
V pore
V pore

∫

(C.2)

∂c i
dV = − ∫ N i ⋅ ds − ∫ N i ⋅ ds
∂t
V pore
S SL
S LL

∫

(C.3)
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Where the 1st term on the right hand side of Eq. (C.3) represents the flux into the liquid
phase pores through liquid-liquid surfaces, and the 2nd term represents flux into the pores
from solid to liquid. The latter term can represent the flux of ions into a charging electric
double layer (EDL) or the flux of ions from an electrochemical reaction occurring at the
pore surface. Note that we here neglect the volume of the electric double layer (EDL),
thus assuming that the EDL is thin relative to the pore size [28]. Next, we express the 2nd
term on the right hand side in terms of a cross sectional area average

∫ N ⋅ ds = ∫ N ⋅ ds = ∫
i

i

S LL ∪S SS

S LL

N i ⋅ ds
(C.4)

S LL ∪S SS

Where, N i is an area-averaged superficial flux (i.e. averaged over both liquid-liquid
and solid-solid interfaces of our differential control volume). Then, using the divergence
theorem on Eq. (C.4):

∫

N i ⋅ ds =

S LL ∪S SS

∫ ∇⋅

N i dV ≈ (VP + VS )∇ ⋅ N i
(C.5)

VP +VS

Next, we define a liquid volume-averaged concentration, c i , using:

p ci =

1
1
ci dV = ∫ ci dV
∫
V VS +VP
V VP

(C.6)

Where p is the porosity of the electrode over the control volume (where the control
volume is chosen to be large enough to correctly “sample” the electrode’s porosity) [87].
Differentiating Eq. (C.6) with respect to time:

∂ ( p ci
∂t

)= 1

∂ ci

1

dV + 
cV
V ∫ ∂t
V ∫
i

VP

SLS

w

⋅ ds
(C.7)

Where the rightmost term represents the change in volume-average concentration due to a
moving pore wall at velocity Vw (e.g. due to an electrochemical reaction involving the
solid phase). Now, place Eq. (C.3), (C.4), and (C.5) into Eq. (C.7) to get our macroscopic
transport equation:
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∂ ( p ci
∂t

) = −∇ ⋅
∂ ( p ci
∂t

Ni −

1
VP + VS

) = −∇ ⋅

∫ ( N

i

)

− ci VW ⋅ ds
(C.8)

SLS

N i + a ji

(C.9)

Where j i is the flux of species i crossing from solid to liquid, relative to the pore wall
velocity, averaged over the solid-liquid interface surface area. The parameter a is the m2
of pore surface area per m3 of electrode area. Finally, note that there are three averaged
parameters used in Eq. (C.9): liquid phase volume-averaged concentration, c i , crosssectional averaged species flux, N i , and surface area-averaged species flux, j i .
C.2 Helmholtz dynamic transport model with asymmetric electrolyte
In Section 3.1 of this thesis, we presented the derivation of a dynamic transport
model for capacitive desalination (CD) which assumed a Helmholtz electric double layer
(EDL) structure and a binary, symmetric electrolyte. We here present and solve a
Helmholtz model for a binary yet asymmetric electrolyte, with unequal anion and cation
diffusivities. This latter model is important because most salts, including NaCl (where
Na+ and Cl- are the primary salt ions in seawater), result in an asymmetric electrolyte.
Assuming

one-dimensional

transport,

dilute

and

binary

electrolyte,

electroneutrality, quiescent electrolyte, and no faradaic electrochemical reactions, we can
write the following transport equations for the counter and co-ions in a porous, charging
electrode:

p

∂c
∂ ⎛ ∂φ ⎞
∂2 c
= pFzcountν count
c
+
pD
+ ajcount ,
⎜
⎟
count
∂t
∂x ⎝ ∂x ⎠
∂x 2

(C.10)

∂c
∂ ⎛ ∂φ ⎞
∂2 c
= pFzcoν co ⎜ c ⎟ + pDco 2 + ajco .
∂t
∂x ⎝ ∂x ⎠
∂x

(C.11)

p

Here z is the ion valence, v is the ion mobility (in units mol⋅s/kg), D is the ion diffusivity,
and where the subscripts count and co refer to the counter and co-ion respectively. Also,
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jcount and jco are, respectively, area-averaged fluxes of counter- and co-ions transporting
between the bulk liquid phase and the electric double layer (EDL) along the solid wall. If
we subtract Eq. (C.11) from (C.10), replace for the electromigration flux term in Eq.
(C.11), and assume a Helmholtz EDL (see Chapter 3 of this Thesis for details on a
Helmholtz EDL), we obtain the following transport equation:

p

∂c
∂ 2 c t aC ∂φ
= pDef 2 − co
.
∂t
∂x
Fzcount ∂t

(C.12)

Here, C is the electrode capacitance per unit electrode volume, F is Faraday’s constant,
and φ is the potential of the bulk liquid. Further, Def is an effective diffusivity (

Def = 2Dco / (1+ Dco / Dcount ) ),

and

tco

is

a

co-ion

transport

number

(

t co = zco vco / (zco vco − zcount vcount ) ). If we assume a symmetric electrolyte, then tco = 0.5, and
we our sink term here (last term on the right hand side of Eq. C.12) becomes identical to
the sink term seen in Eq. (3.14) of Chapter 3.1 of this Thesis. The tco factor in the sink
term of Eq. (C.12) indicates that the electrode with the highest co-ion mobility will
potentially achieve the lowest concentration upon cell charging. This is because the
electrode with the higher tco is more efficient at expelling co-ions from its pore bulk
during charging.
If we now apply the conservation of current to our porous electrode with an
asymmetric electrolyte to obtain the following second equation:

∂φ p ∂ ⎛ ∂φ ⎞
=
⎜σ ⎟ .
∂t C ∂x ⎝ ∂x ⎠

(C.13)

2
ν count )c ).
Here, σ is the asymmetric electrolyte’s conductivity, ( σ = F 2 (zco2 ν co + zcount

The coupled equations for concentration and potential were solved with
commercially available finite element simulation software (Comsol Multiphysics 3.5,
Burlington, USA), and results shown in Figure C1. In this Figure, the positive electrode’s
domain is from 0 to 0.5 mm, the separator is fom 0.5 to 1 mm, and the negative electrode
is from 1 to 1.5 mm. We the diffusivity of infinitely dilute Na+ (D = 1.33E-9 m2/s) and
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Cl- (D = 2E-9 m2/s) at infinite dilution, and the ionic mobility was determined using the
Nernst-Einstein equation [12]. The rest of the parameters used were as described in
Chapter 3.1 of this Thesis. As can be seen in Figure C1, desalination in the CD cell is
now asymmetric, with stronger desalination occurring in the negatively charged electrode
(the leftmost electrode). We attribute this latter behavior to the higher ionic mobility of
the Cl- ions relative to Na+ ions, resulting in higher tco in the negative electrode versus the
positive one.

Figure C1: Results of our dynamic transport model which assumed a Helmholtz electric
double layer (EDL), and an asymmetric electrolyte. We plot concentration profiles at
times t = 0, 0.25τRC, τRC, τD, and at near steady state (see Thesis Chapter 3.1.2 for
definitions of τRC and τD ).
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Appendix D:
Additional measurements of the flow-through electrode
capacitive desalination cell

Measurements of extracted desalted stream concentration
In Figure 4.5, we showed concentration reductions for twelve experimental
conditions (co = 50, 100, and 250 mM, V = 0.75, 1, 1.25, and 1.5 V). The data at
co = 100 mM was shown in Figure 4.4. We here show the data for co = 50 and 250 mM.

Figure D1: Concentration of the extracted stream from the charged cell vs. time for
initial concentrations of a) 50 mM, and b) 250 mM. In all cases, the minimum
concentration of the extracted stream decreases with increasing potential. At co = 50 mM,
relatively little additional concentration reduction is achieved at 1.5 V compared to
1.25 V, consistent with the plateau-like trend observed in Figure 4.5 of the text.
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Capacitance measurements
We performed the following to measure capacitance of our cell: We filled the cell
with the NaCl solution of interest, as described in the Experimental Methods section.
With flow stopped, we then charged the cell by applying a step potential and measured
the current response. After some time (typically 10-45 min) current approximately
reached steady state (that is, the current value decreased by roughly 1% per minute or
less). At this steady state, the value of current was assumed to be equal to the cell’s
leakage current. We then flowed new solution through the cell at 0.5 mL/min while
maintaining the applied potential. We noticed a repeatable, sudden increase in measured
current as new solution began to flow through the cell (Fig D1 inset). We continued to
hold the potential and maintain flow until current reached a steady state again. To
estimate cell capacitance, Ccell, we subtracted the leakage current from the measured
current response, integrated this result, and divided the integral by applied voltage. To
calculate electrode volume specific capacitance, we multiplied the cell volume specific
capacitance by a factor of 4 (we assumed symmetric electrodes). We also measured the
discharge current upon application of zero volts across the electrodes, and integrating this
curve gave us approximately the same result for capacitance.
Figure D2 shows the results of the measured cell capacitance at twelve
experimental conditions. We measured a maximum electrode capacitance of about 8.4 F
at 250 mM, 1.5 V, which corresponds to an electrode specific capacitance of about
130 F/g of dry electrode weight or 40 F/cc of electrode volume. Figure D2 inset shows
two current response vs. time curves for the conditions of 100 mM, 1 V (solid line), and
100 mM, 1.5 V (dotted line). As the data shows, current rises suddenly upon onset of the
flow, increasing by over 1 mA for 1 V applied, and over 5 mA at 1.5 V.
We included the flow step in the aforementioned protocol in order to measure the
equilibrium capacitance of the cell when the pore bulk concentration is that of the initial
NaCl solution. During the charging process, salinity is decreased in the electrode’s pores
bulk, which can cause a significant decrease in pore EDL capacitance due to growth of
the Debye layer [79]. We attribute the sudden increase in current observed upon flowing
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new, undesalted solution through the charged pores to a sudden increase in EDL
capacitance.

Figure D2: Measured capacitance of our FTE CD cell versus applied voltage, and for
various initial NaCl salinities (250 mM: squares, 100 mM: diamonds, 50 mM: circles).
Cell capacitance increases with NaCl concentration and applied voltage, reaching a
maximum of about 8.4 F at 250 mM, 1.5 V. Inset shows two example current response
curves obtained upon application of a step potential at t = 0 of 1 V (solid line) and 1.5 V
(dotted line), with co = 100 mM. Cell charging proceeds until roughly 900 s, at which
point we flow new 100 mM NaCl solution through the cell, and observe a rapid increase
in current.
Charge efficiency measurements
We measured the charge efficiency at our 12 experimental conditions by dividing
the total salt removed from the bulk solution by the total electric charge stored. Total salt
removed was obtained by integrating the concentration vs. time figures (Fig. 4.4 and D1)
and multiplying by flow rate (0.5 mL/min). Total electric charge was obtained by
integrating under the current vs. time curves (Fig. 4.6 inset). The charge efficiency
increased with increasing applied potential between 0.75 and 1.25 V and decreasing ionic
strength. Between 1.25 V and 1.5 V, charge efficiency plateaued or slightly decreased,
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which may be due to the effects of a high leakage current. The maximum charge
efficiency measured was about 0.43 at 50 mM and 1.25 V.

Figure D3: Measurements of charge efficiency vs. applied voltage for various sodium
chloride concentrations. Charge efficiency increased with potential from 0.75 to 1.25 V,
and then plateaued or slightly decreased from 1.25 to 1.5 V. Charge efficiency increased
with decreasing concentration.
Tortuosity measurements
We obtained estimates of electrode tortuosity, Te, through measurements of
pressure required to flow through our FTE CD cell. For these measurements, we used our
cell with the Millipore separator (with 5 µm diameter pores), so that the hydraulic
resistance of the separator was negligible relative to that of the HCAM electrodes. We
measured a pressure of 3.9 kPa at 0.5 mL/min flow rate, and pressure varied
approximately linearly with flow rate. We then calculated Te using a known relation for
flow rate and pressure drop across a porous media [103]:
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ψ e Aa 2 Δp
Te =
.
8µL Q

[B1]

Here, a is the mean micron-scale pore radius, which is 0.6 µm for our HCAM electrodes
(see Figure 4.2), µ is solution viscosity, L is the length of the porous substrate (2 mm for
back to back HCAM electrodes), and A is the substrate cross sectional area. Using a flow
rate of 0.5 mL/min, and pressure of 3.9 kPa, we obtained Te = 3.6.
Series resistance measurements
We estimate that Rs was roughly one order of magnitude higher than an estimate
of our separator resistance, Rsep = (lsTs)/(ψsAσo).

We calculated Rsep using known

separator geometry and porosity, and assuming a separator tortuosity, Ts, of unity. We
attribute this result to a possible higher than unity tortuosity of the separator pore
structure and to the possible presence of a gap between elements in our cell (a contact
resistance). The separator is 25 µm thick, and so a relatively small gap of 100 µm could
give rise to a significant contact resistance, highlighting the importance of separator
dimensions and the cell assembly process.
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Appendix E:
Addendum to: Spatially and temporally resolved
measurements of salt concentration between two porous
electrodes in a charging capacitive deionization cell

E1: Visualization results for all concentrations and potentials
As described in Chapter 5, we performed experimental visualizations of the
fluorescence of a chloride-detecting dye, SPQ. These experiments allowed us to measure
a spatially and temporally resolved signal of ion (salt) concentration between the
charging electrode pair of a CDI cell. The electrodes used were hierarchical carbon
aerogel monoliths (HCAMs), and the solution was either 50 or 80 mM KCl salt with
5 mM SPQ probe. We applied voltage steps ranging from 0.25 to 1.25 V, and observed
the evolving dye concentration upon application of this voltage. In Figure E1 and E2
below, we show the resulting measured concentration profile in the middle 1 mm of the
separator space at various times after application of the step potential. Figure E1 shows
the results for 50 mM KCl and all applied voltages (see Figure title for voltage
magnitude), and Figure E2 shows the results for 80 mM KCl and all applied voltages.
Concentration profiles (c vs. x, where x is position between electrodes, see Figure 5.1) are
shown for various times, including 0 (thin line), 50 (dashed), 100 (dotted), 250 (dasheddot), 500 (dash-double dot), and 750 s (thick line) after application of the applied
potential. As can be seen, the measured concentration begins to drop upon application of
the voltage at 0 s, and often, the minimum concentration is at approximately the cell
midline (at x = 0.5 mm). The minimum measured concentration (typically that at 750 s)
decreases with increasing potential. For example, the minimum measured concentration
for 50 mM KCl results in Figure E1 decreases from roughly 48 mM at 0.25 V to
approximately 22 mM at 1.25 V.
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Figure E1: Experimentally obtained concentration profiles from the space between a pair
of charging HCAM electrodes, for the case of 50 mM KCl initial concentration and
various applied potentials (see figure title for the potential magnitude). Profiles are for
times of 0 (thin line), 50 (dashed), 100 (dotted), 250 (dashed-dot), 500 (dash-double dot),
and 750 s (thick line). At time 0 s, we applied the step potential.
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Figure E2: Experimentally obtained concentration profiles from the space between a pair
of charging HCAM electrodes, for the case of 80 mM KCl initial concentration and
various applied potentials (see figure title for the potential magnitude). Profiles are for
times of 0 (thin line), 50 (dashed), 100 (dotted), 250 (dashed-dot), 500 (dash-double dot),
and

750 s

(thick

line).

At

time

0 s,

we

applied

the

step

potential.

114	
  
In Figure E3, we plot the measured midline concentration (black lines) vs. time after
application of the step potential for the case of 50 and 80 mM initial KCl concentration,
and applied potentials from 0.25 to 1.25 V. Further, we also plot the results of our
modified Donnan (mD) model (dashed lines), using the parameters described in Chapter
5, Section 5.4 of this thesis. As can be seen, upon application of the step potential, the
midline concentration initially is largely unchanged for nearly 100 s, and then begins to
decrease steadily to 700 s. The minimum concentration measured decreases
monotonically as we increased applied voltage. The mD model results capture largely the
timescale for desalination of the cell midline seen in the experiments. For certain
conditions, for example at 50 mM, 1 V and 0.75 V, the mD model also largely captures
the magnitude of the observed desalination. At other conditions, the mD model can
overestimate the observed desalination (e.g. 80 mM 1.25 V), or underestimate it (e.g.
50 mM 0.5 V) by up to approximately 5 mM.

Figure E3: Plot of measured centerline concentration (black lines) and mD model results
(dashed lines) vs. time for initial KCl concentration of 50 and 80 mM, and for voltages of
0.25, 0.5, 0.75, 1, 1.25 V. The final concentration (at 700 s) decreases monotonically as
voltage is increased (in both data and model results).
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In Figure E4, we plot the measured (black lines) and predicted (dashed lines) charge
stored in our CDI cell versus the time after application of the step voltage for the case of
50 mM salt concentration and 0.25 to 1.25 V applied. Measured charge stored is obtained
by integrating under the measured current vs. time results, after subtracting a leakage
current (current measured at 1500 s). In all cases, measured charge stored increases
quickly upon application of the step potential, and then increases more slowly after order
100 s, often reaching a plateau by about 1000 s. We further plot mD model results using
the parameters described in Chapter 5 of this thesis (dashed lines). The charging
predicted by the mD model is consistently faster than the measured cell charging. The
latter can be due to several effects currently under investigation, including potentially the
effects of tortuosity (i.e. a “winding” path for ions through the macropore network) of our
HCAM material.

Figure E4: Plot of measured charge stored in the CDI cell (black lines) and predicted
charge stored from mD model results (dashed lines) vs. time for 50 mM KCl and applied
voltages from 0.25 to 1.25 V.
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Appendix F
Harvesting mixing energy using flow-through electrodes

The mixing of sea and river water, occurring naturally at the mouths of the world’s
rivers, is estimated to dissipate 2 TW per year in mixing energy alone [24]. An attractive, low
infrastructure method to harvest this and other sources of mixing energy involves flowing
alternating salinity streams between the electrodes of a supercapacitor [52, 55]. Alternating
salinities in the pores of the electrodes causes a cyclic expansion-contraction of the surface
electric double layer (EDL), an action from which work can be extracted [55]. However,
current devices have demonstrated poor results, such as power densities of less than 20
mW/m2 [55]. As was described in Chapter 3 of this thesis, transport of ions from the
separator space into the pores of the electrode pair is primarily due to diffusion. This latter
mechanism may be significantly slower than the cell’s charging time [30]. Thus, using a
flow-through electrode architecture, rather than the typical flow-between electrode [52, 55],
can potentially enable significant improvements in power density in these devices. In Figure
F1, we present a schematic of a mixing energy system leveraging flow-through electrodes.
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Figure F1: Schematic mixing energy harvesting system leveraging flow-through porous
carbon capacitive electrodes. The electrodes are charged with an external voltage of
approximately 1 V, forming an electric double layer (EDL) along the pore walls. Alternating
flows of different salinities cause cyclic variations in EDL thickness, λD, which generates an
electric current. Flowing through the electrodes can enable significant improvements in
device

power

density.

In Figure F2, we show data obtained using our flow-through electrode capacitive
desalination cell (this cell was described and utilized in Chapter 4 of this thesis). Our cell
utilized a pair of HCAM electrodes, whose pore structure included a micron-scale pore
network for efficient flow through the electrode and nanoscale pores for high specific
capacitance. For the results in Figure F2, a step potential of either 1 or 1.5 V was applied at
0 s, and then the current was measured. The fluid in the cell, initially 100 mM NaCl, is
quiescent for the first 900 s, and here the cell charges up, desalting the feedwater present in
the electrodes’ pores. At 900 s, we begin to flow fresh, undesalted solution through the
electrodes’ pores at a flow rate of 0.5 mL/min. As the fresh solution (associated with a thin
Debye length) replaces the desalted solution (associated with a thicker Debye length), we
observe that current increases suddenly. The latter spike demonstrates the potential for our
flow-through electrode cell to harvest the mixing energies. Further work is required to
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quantify the power densities achievable with a flow-through architecture, and compare these
to state-of-the-art flow between systems harvesting mixing energy.

Figure F2: Measured current vs. time upon charging our flow-through electrode capacitive
desalination cell. The cell was initially filled with 100 mM NaCl, and this water was desalted
upon application of the step potential of 1 or 1.5 V. During the desalination stage, no flow
was applied to our cell. When the charging was largely complete (at 900 s), we began to flow
fresh, undesalted solution through the cell. We observe a current spike at ~900 s upon
application of the flow. This latter phenomena can potentially be utilized to harvest mixing
energy.
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