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Water desalination via capacitive deionization:
what is it and what can we expect from it?

M. E. Suss,*a S. Porada,b X. Sun,c P. M. Biesheuvel,de J. Yoonf and V. Presser*bg

Capacitive deionization (CDI) is an emerging technology for the facile removal of charged ionic species

from aqueous solutions, and is currently being widely explored for water desalination applications. The

technology is based on ion electrosorption at the surface of a pair of electrically charged electrodes,

commonly composed of highly porous carbon materials. The CDI community has grown exponentially

over the past decade, driving tremendous advances via new cell architectures and system designs, the

implementation of ion exchange membranes, and alternative concepts such as flowable carbon electrodes

and hybrid systems employing a Faradaic (battery) electrode. Also, vast improvements have been made

towards unraveling the complex processes inherent to interfacial electrochemistry, including the modelling

of kinetic and equilibrium aspects of the desalination process. In our perspective, we critically review and

evaluate the current state-of-the-art of CDI technology and provide definitions and performance metric

nomenclature in an effort to unify the fast-growing CDI community. We also provide an outlook on the

emerging trends in CDI and propose future research and development directions.

Broader context
Capacitive deionization (CDI) is an emerging technology for water desalination, and is based on the phenomenon of ion electrosorption. Especially for low

molar concentration streams, like brackish water, CDI is a promising alternative to established technologies such as reverse osmosis. CDI research and

commercialization efforts have exponentially grown over the past five years. This enhanced growth has been motivated by novel CDI architectures (such as

flow-through or flow electrode design) and a deepened understanding of ion electrosorption. The performance of a CDI system depends on many parameters.

A basic parameter to consider is the choice of electrode material, and different carbon materials have been explored so far (such as activated carbon, carbon

nanotubes, and graphene). Yet, equally important is the system architecture and the operational mode. New developments using flow electrodes can even

enable continuous operation of a CDI system. Lastly, new emerging applications of CDI beyond ‘‘just’’ generating potable water, are being discovered at a rapid

pace. Our work is intended to support future growth by proposing standardized key CDI metrics, and critically examining current and emerging aspects of CDI

theory, modeling, materials, system architectures, and operational modes.

1 Introduction

Capacitive deionization (CDI) is an emerging technique for

removing dissolved, charged species from aqueous solutions,

and has been previously applied to brackish water desalination,1

sea water desalination,2 wastewater remediation,3 and water

softening.4 The past decade has seen a remarkable number of

innovations in the exponentially growing field of CDI, including

significant theoretical,5–7 architectural,2,3,8–11material,12–25 experi-

mental methods,26–31 and performance advances.32–35 In this

perspective paper, we briefly review key aspects of CDI, such as

cell architecture, materials, applications, and theory with a focus

on key recent advances. We further attempt to project future

advances in the field of CDI, and facilitate these advances by

framing key unsolved problems in CDI. We also provide guide-

lines for the fast-growing CDI field through standardization of key
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metrics and nomenclature. And finally, this perspective aims to

serve as an accessible introduction to the field of CDI for

newcomers, and thus to motivate further development of CDI

technology and community. CDI shares many commonalities

with other electrochemical systems such as supercapacitors and

flow batteries, which we highlight in this perspective as a means

of making CDI easily accessible to those (large) communities.

A CDI cell consists of a pair of porous electrodes (either static

or flow electrodes), with a separator (either an open channel or

porous dielectric material) in-between. The electrodes are typically

carbon, and the feed water flows either between or through the

charging electrodes. The porous electrode pair is charged with an

applied voltage difference of typically 1–1.4 V (called the cell

voltage or charging voltage), and salt ions present in the feed

migrate into electrical double layers (EDLs) along the pore sur-

faces at the carbon/water interface, removing salt from the feed

water (a process known as ‘‘electrosorption’’). Salt ions are

electrostatically held in the double layer until the discharging

step, where the external power supply is shorted or its polarity

reversed. During discharge, the release of ions results in a brine

stream, and the charge leaving the cell can be leveraged to recover

energy (analogously to the energy from a discharging electric

capacitor).36 The first work on a CDI-type system was published

by Blair and Murphy in 1960,37,38 and the subsequent four

decades saw only intermittent advances to this technology.

Examples of advances during that time period include the

development of the first macroscopic theory applied to CDI in

1971,39 and the use of carbon aerogels as a CDI electrode material

in themid-1990’s.19 Incidentally, the term ‘‘CDI’’ was not used until

1996 when introduced by Farmer et al.40,41 By contrast to the slow

initial development of CDI, the past decade has seen tremendous

advances, including the development of membrane CDI,3,42 flow-

through electrodes,8 flow electrodes,2,43–45 hybrid CDI,11 the

modified Donnan mathematical model for CDI,6 and the dis-

covery of key correlations between pore size and electrosorption

performance.46 These scientific advances are accompanied by

the growing commercial development of products utilizing CDI

technology by various companies around the globe.

As a salt ion removal technology, CDI provides several unique

advantages. Firstly, CDI enables salt removal at low (sub-osmotic)

pressures and room temperatures, with the primary input being a

small cell voltage (B1 V) and an electric current whose magni-

tude depends on the system size. Thus, unlike reverse osmosis or

distillation-based desalination systems, CDI does not need to be

coupled to high pressure pumps or heat sources, allowing for

facile system scaling. Secondly, in CDI the few salt ions (relative

to the plentiful water molecules) are directly transported out of

the feed water, similar to the case of electrodialysis. This allows

for potentially highly energy efficient desalination of low salinity

feed waters, such as brackish water.47 Thirdly, the operating

principle of CDI shares many features with electrochemical

capacitors, also known as supercapacitors,48 including reversible

operation and energy storage capability (CDI can be crudely thought

of as ‘‘desalination with a supercapacitor’’). Thus, CDI systems have

the unique ability to simultaneously store energy (similarly to

a supercapacitor) and desalinate water upon being charged.

Even if this energy storage capacity is not utilized, the once

invested charge for ion removal is almost fully recovered during

discharging of the electrode material, capitalizing upon the

very high Coulombic efficiency inherent to EDL technologies.

As such, CDI can potentially be an important part of future

water purification solutions as well as potentially contributing

to next generation distributed electrical grids.

2 CDI cell architectures
2.1 Types of CDI cell architectures

In recent years, there has been a proliferation of novel archi-

tectures for CDI cells, and these have introduced several unique

features and novel functionalities to this field. In this section,

we will briefly review the architectures which have been pre-

viously developed (Fig. 1). The first and historically most

widely-utilized CDI cell architecture consists of a pair of porous

carbon electrodes separated by a space in which the feed water

flows (feed water flows perpendicular to the applied electric

field direction, see Fig. 1A). This architecture is often called

flow-by architecture,49,50 and has also been called CDI with

flow-between electrodes.8 The flow-by cell was first seen in the

pioneering work of Blair and Murphy in 1960,37 was re-visited

in the 1970’s and 1980’s by Oren and Soffer,10,51 and again in

the 1990’s in the works of and Farmer et al.19,52 This architecture

was subsequently utilized in a wide variety of works, including

those demonstrating salt removal from various feed waters,53

investigating the performance of novel electrode materials,12,54

or performing fundamental studies of salt sorption on porous

electrodes.29,55

Early work on CDI-type systems in the 1970’s by Johnson

et al.56 developed a cell in which the feed flow was directed

straight through the electrodes themselves and parallel to the

applied electric field direction (Fig. 1B). Work on such flow-

through CDI,29 or flow-through electrode8 cell architectures was

seemingly abandoned for almost 40 years until Avraham et al.29,31,57

utilized flow-through electrodes in a three-electrode cell in

order to study fundamental performance parameters, such as

charge efficiency. The authors of the latter work noted that flow-

through electrodes allowed for faster cell charging relative to

flow-between systems.29 In 2012, Suss et al. studied the perfor-

mance of a CDI cell with flow-through electrode architecture and

novel hierarchical carbon aerogel monolith (HCAM) electrodes,

and demonstrated a concentration reduction of up to 70 mM of

a NaCl feed when operated in a stopped-flow mode (no flow

during cell charging), with a mean sorption rate of nearly

1 mg g�1 min�1.8 The primary benefit of this architecture is

to eliminate the need for a separator layer which also serves as

the feed flow channel, thus allowing a minimization of separa-

tor thickness (from typically 200–500 mm to around 10 mm).8

This reduced spacer thickness can allow for more compact cells

with lower cell ionic resistance, and potentially faster desalina-

tion by reducing the diffusion timescale governing salt removal

from between the electrodes.27 This architecture requires the

use of multi-scale porous electrodes, with both micrometer-scale
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pores to enable flow through the electrodes at moderate fluidic

pressures, and micropores (nanoscale pores) to enable high salt

sorption.8,29

A major variation of the basic CDI cell architecture (a cell

with two porous electrodes and a separator) occurred with the

development of membrane CDI (MCDI), with the first scientific

demonstration of an MCDI system in 2006 by Lee et al.3 This

architecture utilizes ion exchange membranes on the separator-

side of each electrode (Fig. 1C). As in electrodialysis cells, the feed

water channels in MCDI cells are bounded by an anion exchange

membrane (AEM) and a cation exchange membrane (CEM).

In MCDI, the most-often used configuration is a free-standing

CEM placed at the cathode,50 and a free-standing AEM placed at

the anode. Alternatively, using the porous electrode as structural

scaffold, it is possible to directly coat the membrane onto the

electrode, which can allow for a thinner membrane layer than

when using a standalone membrane.58 The main benefit of

adding membranes to the CDI cell is the improvement of charge

efficiency (which is linked to cell energy efficiency, see Section

3.1), as the membranes block co-ions (ions with the same charge

as the local electrode) from carrying parasitic current, and can

increase the salt storage in electrode macropores.6 In addition,

membranes may be tailored to have selectivity between different

ions of the same charge sign which provides an additional level of

tunability for complex multi-ion systems.59,60 The field of MCDI

has seen intensive development in recent years, both in advance-

ment of theoretical understanding,6,33 membrane materials,

fabrication methods, and commercial applications.58,61 Also,

the benefit of charging a CDI cell with constant current rather

than constant voltage, namely that constant current allows for

constant cell effluent concentration, was first demonstrated on

an MCDI cell.26 The latter cell achieved a reduction in concen-

tration of nearly 20 mM and an average salt adsorption rate

(ASAR) of up to 2.3 mg g�1 min�1 with optimized operational

parameters.33

Recently, the flow-by CDI cell was modified through the

use of a surface-treated carbon anode, leading to the case of

inverted-CDI (i-CDI, Fig. 1D).62 The latter cell utilized a carbon

xerogel anode imbued with a negative surface charge via a

chemical surface treatment, and pristine carbon xerogel as the

cathode. The cell demonstrated inverted behavior, whereby cell

charging resulted in desorption of ions from the electrode

EDLs, and cell discharging resulted in ion electrosorption. The

i-CDI cell sorption performance was maintained for 600 hours of

continuous operation at a cell voltage of 0.8 V, in contrast to the

relatively fast decay observed for a CDI cell with solely pristine

carbon xerogels.62

In 2013, a new architectural class for CDI was demonstrated

which leveraged carbon flow electrodes, or carbon slurry elec-

trodes which can be pumped through electrode compartments

(Fig. 1G–I).2 This concept of flow electrode CDI, or FCDI,

follows that of slurry-based electrodes developed for electro-

chemical energy storage systems such as the electrochemical

flow capacitor,63 and semi-solid lithium ion batteries.64,65 FCDI

enables two major benefits relative to non-flowable or static

electrode CDI systems. First, in FCDI, the feed water flowing

through a single cell can be continuously desalinated, as the

discharge of the active carbon particles (formation of brine) can

occur as a separate process downstream of the cell.2 In all pre-

vious CDI architectures based on static electrodes, the cell can

only desalinate for a finite time until the EDLs of the porous

electrodes have been fully charged, and then desalination

must cease while the cell is discharged to enable subsequent

desalination cycles.50 This intermittent operation can also require

complicated fluidic handling as desalinated streams (during

charging) and brine streams (during discharging) emerge, at

different times, from the same spacer between the electrodes.

Fig. 1 (A)–(D) CDI architectures using static electrodes, including: (A) flow-

between electrodes, (B) flow-through electrode, (C) membrane CDI, and

(D) inverted CDI. (E) and (F) show architectures which utilize static electrodes

that depart from purely capacitive behavior, including (E) hybrid CDI, and (F) a

desalination battery. (G)–(I) show CDI architectures with flow electrodes,

including systems with (G) feed-in electrodes, (H) feed-between electrodes,

and (I) membrane flow electrode CDI.
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A second major benefit is that FCDI, by continuously introdu-

cing uncharged carbon particles into the charging cell, can

effectively increase the capacitance available for desalination

above that of static electrode CDI systems. Thus, FCDI can

desalinate higher salinity streams than static CDI systems, and

desalination of high salinity feeds (with a total dissolved salt

concentration approximately that of sea water) was achieved

with FCDI by Jeon et al. when using a total slurry flow rate of

50 mL min�1 and feed flow rate of 3 mL min�1 (Fig. 1I and 2A).2

In 2014, an FCDI architecture was proposed which desalinates

without ion exchange membranes or a feed stream between

electrodes (Fig. 1G).45 The latter architecture can potentially

enable compact and low resistance systems (analogously to the

benefits of flow-through CDI vs. flow-between CDI).45

Related to FCDI, Porada et al. introduced in 2012 another

form of ‘‘electrodes in motion’’ through use of moving wires to

perform desalination.9 In this system, the wires consist of a

graphite rod coated with porous activated carbon and with an

optional outer coating of an ion exchange membrane. Mechan-

ical motion of the wires occurs between a feed and brine stream,

where the wire is charged in the feed stream and discharged in

the brine stream. Operating this system with multiple wires

cycling between feed and brine streams (so called ‘‘merry-go-

round’’ operational mode) may allow for continuous desalination

of the feed stream.

Very recently, another advance has been made which com-

bines a battery electrode (sodium manganese oxide) and a capa-

citive electrode (porous carbon) in a single desalination cell,11

(Fig. 1E) inspired by the previously developed desalination battery

(Fig. 1G).66 Such a ‘‘hybrid CDI’’ system enabled high salt sorption

of B31 mg g�1,11 as compared to purely capacitive CDI cells

which achieve up to about 15 mg g�1 (see Section 4).67

2.2 Perspectives on CDI cell architectures

The fast proliferation of architectures available for CDI begs the

question of which are the most promising. In our opinion,

there is no clear answer as each of the architectures shown in

Fig. 1 has unique advantages, and none should be neglected in

future research work. Even the most traditional CDI architec-

ture (Fig. 1A), dating back to 1960, has advantages over more

recent designs due to its simplicity (no membranes or flow

electrodes), which can potentially translate to lower system cost

and reduced fouling potential. However, it is clear that the

recent emergence of FCDI architectures (Fig. 1G–I) holds great

promise, and is an important future research direction.While static

electrode architectures (Fig. 1A–F) have been well-characterized and

their performance limits are largely known, FCDI is still in its

infancy and thus there is the potential for vast improvements in

performance. For example, the conductivity of the flow electrodes

can be orders of magnitude smaller than that of typical static

electrodes, and recent experimental studies may point out design

paths to improve their conductivity (see Fig. 2B).44 Also, many basic

questions of flow electrode systems remain unanswered, including

optimized flow cell design, and the kinetics and energy costs

associated with regenerating the carbon particles (a key step

in the complete system performance), along with practical

Fig. 2 (A) Evidence of desalination of high salinity feedwater using a flow electrode CDI system (cin = 32 g L�1 of NaCl, roughly equivalent to the total

dissolved salt concentration in sea water), from ref. 2. (B) Influence of carbon content of the flow electrodes on salt removal rate (red dots) and flow

electrode conductivity (blue squares) in FCDI systems, from ref. 44. (C) and (D) Experimental setups employed for desalination using flow electrodes and

membranes, where (C) shows a carved flow field in which the slurry flows,2 and in (D) a rectangular cut-out creating an empty space between current

collector and ion-exchange membranes for slurry flow.44
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consideration such as pumping energy requirements and effects

of clogging on long term performance. In addition, FCDI is still

far from being economically feasible for sea water desalination.

For example, based on the system of Jeon et al., we calculate that it

would require a total ion exchange membrane surface area as

high as 250m2 and total carbon suspension flow rate of 16m3 h�1

in order to produce 1 m3 h�1 of water with final salt concentration

of around 25 mM NaCl.2 Thus, significant work remains in

understanding flow electrode systems, as well as demonstrating

practical, round-trip performance for the slurry solutions.

For architectures with static electrodes and no membranes,

there is a choice between flowing through the electrodes (Fig. 1B)

or between the electrodes (Fig. 1A). Flowing through the electro-

des can enable more compact systems (and so potentially faster

desalination with lower resistance cells), although at the cost of

higher pressure requirements when compared to an open flow

channel between electrodes.19 While over two hundred publica-

tions exist investigating the performance of flow-by CDI systems,

far fewer exist which focus on flow-through electrode systems.

Thus, more work is needed to compare these two architecture

choices directly, and better understand the trade-offs between

the two. Finally, adding ion exchange membranes to CDI systems

(Fig. 1C) has the well-established advantage of improving the

system’s charge efficiency and sorption capacity,50 although at the

cost of significantly more expensive cell components.

In addition to research focusing on improvements of existing

CDI architectures, we expect as-of-yet unexplored architectures to

continue to emerge. A potential example of this is the feed-

between flow electrodes architecture of Fig. 1H, a mix of the

architectures of Fig. 1G and I, but which to our knowledge has not

been demonstrated. Other novelties left to explore includemethods

of effectively regenerating (discharging) the carbon particles used in

FDCI. An alternative technique is to use the slurry exiting the anode

to be then fed into the cathode compartment. In this ‘‘single slurry’’

architecture, the carbon particles that charge up (positively) in

the anode, will be discharged/negatively charged in the cathode.

A single recirculating slurry acting as both anode and cathode

was described for electrodialysis in a patent by Kedem in 1980,68

but there it was not proposed as a desalination electrode (rather

as a steady current sourcing electrode where desalination occurred

elsewhere in the system).

It is also important to note that the development of CDI cells

can occur in parallel with the intensive development of many

other related electrochemical technologies. Thus, future advances

in architectures of electrochemical systems such as batteries, flow

batteries, supercapacitors, electrodialysis cells, and other such

systems can often be translated to advances in CDI architectures,

as has already occurred in the case of flow electrodes and hybrid

CDI systems.

3 Standardization of CDI performance
metrics

The field of CDI has progressed enormously in the past decade,

and now requires standardization of key performance metrics

to support future progress. In this section, we briefly review the

historical development of metrics describing CDI cell perfor-

mance, and we then propose such standardization, clearly explain-

ing our rationale. This has been motivated by the emergence of a

plethora of different terminology and difficult-to-compare CDI

performance data over the past decade.

Many CDI papers, starting from the inception of CDI in

1960,37,38 report exclusively the salt concentration reduction of

the feed stream during constant voltage testing.19,39,52 The

latter is a natural metric for a desalination technology; however,

it has become evident that this metric alone is not an insightful

indicator of electrode or cell performance. Many operational

parameters can affect the salt concentration reduction, and it is

possible for small reductions to be attained for systems which

should be high performing (for example, if feed velocity is too

high). Thus, the question remains, which metrics are insightful

indicators of CDI performance. Another key question is if one

should distinguish between cell and electrode performance –

and if so, how that feat should be accomplished.

3.1 Maximum salt adsorption capacity

A growing trend in CDI is to report on the salt adsorption

capacity (SAC) of a cell’s charge–discharge cycle, a concept first

introduced by Soffer and Folman.69 The charge–discharge cycle

can have any duration, from very short, with little adsorption,

to very long, when equilibrium is reached. For the latter, one

measures the maximum salt adsorption capacity (mSAC), which

is also known as equilibrium salt adsorption capacity (eqSAC).

To reach equilibrium in a CDI salt adsorption experiment, a

fixed cell voltage must be applied and maintained until the cell

charging is complete (no gradients in charge remain in the

electrode), and salt concentration is constant throughout the cell.

At equilibrium, the measured conductivity of the cell effluent no

longer changes over time. The salt removed from the feed water is

calculated either by a time integral of the difference between the

cell inflow and effluent concentration multiplied by the flowrate

through the cell, from the start of the charge until equilibrium is

reached (single pass method), or by multiplying the total solution

volume in the system with the salt concentration decrease in the

system (batch mode method).50

Reporting of SAC and mSAC is mainly done by dividing the

mass of salt removed from the feed water by a representative

electrode mass, yielding a unit of mg g�1 (gravimetric SAC).46

An appropriate representative electrode mass is the combined

mass of both the electrodes when dry.70 Typically, the mass of

all solid components in the electrode is used in this calculation

(including binder and other additives), not just the mass of the

active ingredient (e.g., porous carbon),46 as is common in the

field of supercapacitors.71 At the least, authors are strongly

advised to state clearly whether SAC-numbers are based on the

total electrode mass (including active carbon and binder), or

based on the mass of the active electrode component. This is of

high importance as the mass contribution of non-active com-

ponents typically range between 5–15% of the total electrode

mass. While it is most common to report a gravimetric mSAC,

it is also possible to report a volumetric mSAC, which can give
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additional insight into the performance of an electrode material.

For example, two CDI electrode materials, TiC-CDC and HIPE-CDC

have similar values for gravimetric mSAC of 10.1 and 11.1 mg g�1,

respectively, but because the electrode density is 0.54 vs.

0.11 cm3 g�1, the volumetric mSAC in mg cm�3 is very different:

5.5mg cm�3 and 1.2mg cm�3, respectively.46 Thus, to get the same

salt adsorption, we would need roughly five times the electrode

volume if using HIPE-CDC instead of TiC-CDC.

Importantly, for given operational parameters, mSAC is a

property of only the electrodes, and should not be affected by any

other cell component. Thus, it is a highly useful and insightful

metric into CDI electrode sorption performance, and we recom-

mend that it continue to be widely adopted as a standard metric

in CDI cell characterization. Section 4 on carbon materials below

describes the state-of-the-art and future trends in attained mSAC

of CDI electrodes. Further, SAC (when the cell is not taken to

equilibrium before measuring salt removed), may be used to

characterize cell sorption up to a fixed, pre-equilibrium, char-

ging time. It is important to note that SAC depends on many cell

components, and is not purely a measurement characterizing

the electrode material.

3.1.1 Best practices in mSAC measurements. Measurements

of mSAC are most often accomplished based on experiments

using an NaCl salt solution (and ideally in de-aerated water).

Presenting data for mSAC using other single salts can be done,

and thus authors must make clear which salt was used in their

mSAC measurements. For example, consider KCl, which has a

molar mass of 74 g mol�1, higher than NaCl at 58 g mol�1. Thus a

higher adsorption in mg g�1 can be expected for KCl vs. NaCl at

otherwise the same operating conditions. The use of mixtures of

salts such as (artificial) sea water, complicates mSAC measure-

ments, as molar masses vary between the dissolved species. When

using mixtures of salts, mSAC measurements cannot be done

using simple ionic conductivity measurements of the cell

effluent.72 Instead, further analysis using analytical techniques

such as ion chromatography is required in order to ascertain

the fraction of each ionic species which was adsorbed.

For a given electrode material, the measured value of mSAC

depends on the cell voltage, where both the cell voltage during

the charging step and the cell voltage in the preceding discharging

step are of relevance. The discharge voltage is most often zero,

that is, Vdisch = 0 V, but one can also perform such an experiment

with a discharge voltage higher than zero,30 or even lower. The

latter is more typically done in MCDI, and is also called reverse-

MCDI.6 Another important point is that mSAC depends on the

salt concentration in the cell both at the beginning and at the end

of the charging step.

A commonly used value for the charging voltage is about

Vch = 1.2 V (which allows for high salt adsorption while mini-

mizing side reactions such as water electrolysis), while the

optimum concentration range for salt adsorption is typically a

salt concentration between 5–50 mM (0.5–5 mS cm�1), see

Fig. 12.7 In batch-mode experiments performed with low initial

salt concentration (o5 mM NaCl concentration) the final salt

concentration can approach zero. In such an experiment the

measured value of mSAC will likely be lower than what the

electrode is capable of achieving when charging in the optimum

concentration range.73 Therefore, when using a batch-mode

experiment, it is favorable to start with high initial salinity such

that the final salinity (after applying the voltage) is not below

5 mM. In this way, the measured value of mSAC is ensured to be

representative of the electrode’s maximum performance.

Another, widely used operational mode, called constant cur-

rent operation (CC-mode), cannot be used for measuring mSAC,

because during a CC-mode experiment equilibrium is never

reached, with the requirements of equilibrium described above

(such as absence of salt concentration gradients across the

electrode). However, in CC-mode operation the non-equilibrium

salt adsorption capacity (SAC) can still be determined.

In all cases, reporting must be avoided of values for mSAC

based on the first adsorption cycle after a freshmaterial is dipped

into the feed water and the voltage applied. Uncharged carbons

can also adsorb salt,7 and this sorption may not be completely

desorbed during discharge. Also other effects may occur in the

first few cycles which result in unreliable mSAC measurements,

for instance because full wetting of all pores in the electrode may

only be reached after a few charge–discharge cycles. Thus, it is

important to present only results of a later cycle in a series, when

the measured mSAC is stable from cycle to cycle (or in other

words, when the limit cycle is reached).

Besides operational conditions discussed above, also the type

of porous carbon material has an impact on measured mSAC.

In 2013, results were presented showing a strong correlation

between the pore size distribution of porous carbons and their

measured mSAC, where it was argued that micropores below

1.1 nm (and even more so those smaller than 0.7 nm) contrib-

uted most strongly to mSAC, with a more moderate contribution

of pores beyond 2 nm.46 As such, rather than the specific surface

area of the electrode, mSAC is determined by the size and

specific volume of the electrode’s micropores. These findings,

along with those of an earlier study,12 went against the conven-

tional thinking on the effect of pore size, which was that

mesopores (42 nm) were most useful for CDI.74,75 For example,

in one instance it was stated in literature that only pores420 nm

size performed in an optimum way for CDI.76 The importance of

micropores is in alignment with conventional wisdom in the field

of EDL-capacitors (supercapacitors), where micropores allow

for a significant increase in electrode capacitance (charge storage)

over mesopores.77,78

3.2 Average salt adsorption rate

While the mSAC gives a sense of how much salt sorption is

possible by the CDI electrodes, it gives no information on the

rate of salt sorption. Thus, a second important metric to describe

CDI or MCDI cell performance is the average salt adsorption rate

(ASAR), described in detail in ref. 33. This metric has also been

used by Xu et al.,53 and Suss et al.,8 among others, and has been

reported in units of mg g�1min�1, with ‘‘mg’’ referring to the mass

of salt removed, ‘‘g’’ referring to the mass of the two electrodes

together (as described in Section 3.1). The ‘‘min’’ referring to the

charging time,8,53 or the total cycle time (which equals the

duration of the charging and discharging steps combined).33
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We recommend to standardize this metric by using the total

cycle time, thus giving the most realistic portrayal of desalination

rates via static electrode CDI (inherently a two-stage process). Note

the charging time in the cycle could be the time to equilibrium,

or could be a shorter time.

Several operational parameters can affect the measured ASAR.

For example, the choice of charging time can have a large effect

on ASAR, especially in constant voltage operation.8,33 Shorter

charging times (shorter than the time to reach equilibrium) at

constant voltage generally allow for higher ASAR.33 Further,

operating the cell at higher feed salinities will generally lead to

faster charging (see Section 3.2) and so higher ASAR. ASAR is

also dependent on cell architecture, for example, for two

systems employing identical electrode materials and electrode

thicknesses, higher ASAR may be attained when using

flow-through rather than flow-by electrode architecture, as the

flow-through system allows for minimizing the gap width

between electrodes (lowering cell resistance and thus cell

charging time).8 In addition, the electrode material itself can

affect measured ASAR in several ways. For example, electrodes

with sub-nanometer micropores allow for highest salt sorption,12,46

but they may also suffer from kinetic limitations associated

with the small pore size, which can potentially limit the ion

adsorption dynamics and thus limit ASAR (see Section 6.5 for a

mathematical description of CDI where rate limitations exist

between the nanoscale micropores and larger pathways for ion

transport through the electrode bulk).79,80 Electrode thickness

can also contribute to ASAR, with thinner electrodes generally

exhibiting higher desalination rate capability.81 Finally, the

effect of cell compression, electrode thickness, and electrode

macroporosity are often coupled together and can affect ASAR

in more complicated ways. Porada et al.46 calculated that the

time to reach 50% of maximum salt adsorption was at a

minimum value for intermediate values of the electrode

macroporosity (see Fig. 3 and also ref. 46). Thus, further

compressing the electrode from the optimized value can lead

to a thinner electrode with less macroporosity and lower ASAR.

To maximize ASAR, there exists an optimum degree of com-

pression during electrode preparation.

Thus, ASAR is often a combination of many factors, such as

cell architecture, charging time, electrode material, and elec-

trode thickness, and thus should be considered a cell (system)

property rather than an electrode (material) property. mSAC, by

contrast, can be considered an actual electrode property. Still,

we strongly recommend ASAR be widely adopted in the field as

describing the rate capability of a given cell. However, it must

be noted that comparing values of ASAR between different

systems can be problematic without rigorously holding to the

same charging times and electrode thicknesses. Thus, when

reporting ASAR, all the relevant experimental conditions must

be reported. The highest value of ASAR to our knowledge is

2.3 mg g�1 min�1 as reported by Zhao et al., who used sub-

equilibrium charging times, roughly 300 mm thick electrodes,

and a membrane CDI cell architecture.33

The above analysis applies to CDI with two static electrodes,

where this cell necessarily operates in a non-continuous manner

(with a discharge step following a charging step). For flow-electrode

CDI, with continuous operation, it is recommended to present the

steady-state value of salt removal rate in mg cm�2 s�1 rather than an

ASAR value. Values presented in ref. 2 are B3.2 mg cm�2 s�1,

and in ref. 44 are B0.35 mg cm�2 s�1. Here the ‘‘cm2’’ refers to

the projected area of the cell.

3.3 Kim–Yoon diagram for salt adsorption rate vs. capacity

A novel representation of operational performance of static

electrode CDI cells was recently proposed by Kim and Yoon in

ref. 28 where salt removal rate was plotted against salt removal

capacity. This plot was inspired by Ragone charts (named after

Prof. David V. Ragone) commonly used to represent energy

storage devices with respect to power (energy delivery rate) vs.

energy stored.82 This ‘‘ASAR vs. SAC’’ chart, or as we propose the

‘‘Kim–Yoon’’ (KY) diagram, combines the two key metrics described

previously in this section in a single plot. Further, this new

representation allows for facile determination of optimal cell

Fig. 3 Calculation results showing effect of electrode packing density on time needed to reach 50% of the maximum salt adsorption capacity. Three

regions can be identified: (I) where transport is limited due to lack of transport pathways (macropores), (II) optimized ion transport, (III) where ASAR

increases again due to long transport pathways (low electrode density).

Energy & Environmental Science Perspective

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

5
 M

ay
 2

0
1
5
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
4
/2

0
2
2
 1

:4
8
:0

5
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5ee00519a


This journal is©The Royal Society of Chemistry 2015 Energy Environ. Sci., 2015, 8, 2296--2319 | 2303

operational conditions, namely when both SAC and ASAR are

close to their maximum attainable values. In Fig. 4 we show

such a KY-diagram where we plot data and theory calculations

of ASAR vs. SAC in CDI-cycles where we varied the half-cycle

time (HCT; the charging and discharging steps are of the same

duration). In all data and calculations the discharge voltage is

0 V, the charging voltage is set to values ranging from 0.9 to

1.3 V, and data were taken from ref. 83, which used film electrodes

based on Kuraray YP50F activated carbon powder. Calculations

are based on the model presented in ref. 83, which combines

the i-mD model for the EDL structure with porous electrode ion

transport theory.

As Fig. 4 shows, it is possible to establish operation condi-

tions with high ASAR while ensuring the adsorption capacity

per cycle is close to the maximum achievable. This is a key

operating point for CDI, especially for applications requiring

significant salt removal. Higher values of ASAR can be achieved,

but this requires sacrificing salt sorption per cycle. We propose

defining the optimum HCT for a given charging voltage as

that point along an ASAR-SAC curve for which the ‘‘response

product’’,84,85 which is ASAR multiplied by SAC, is maximized.

Points satisfying this criterion for HCTmax-RP are shown with

open circles in Fig. 4. We can observe that with increasing

charging voltage, HCTmax-RP increases, i.e., longer cycles are more

favorable. This is just one example of how the KY-diagram can be

used in optimization studies for CDI.

3.4 Charge storage capacity

Besides measuring mSAC and salt removal rate, a third metric

for CDI cells is the charge storage capacity, a metric shared with

the supercapacitor community. This metric can be obtained

from measured data for current vs. time during charging and

discharging. Data for current in units of Ampères (A = C s�1) can

be integrated with respect to time to obtain the electric charge

transferred between electrodes of the cell (units of Coulombs, C).

Further, by subtracting the leakage (non-capacitive) current,

which is generally higher in magnitude during charging when

compared to discharging, the calculated capacitive charge and

the applied cell voltage can be converted to cell or electrode

capacity in F g�1.71 For obtaining the capacitance of a single

electrode, the capacitive charge in Cmust be divided by the mass

of a single electrode and by half of the cell voltage (assuming

cell symmetry), leading to a conversion factor of 4.70,71,86,87 This

single electrode capacitance is often called ‘‘specific capacitance’’

in the supercapacitor field.48,70 Equivalently, we also find a

‘‘volumetric capacitance’’ in the supercapacitor community for

single electrodes, which is four times larger than the cell

volumetric capacitance (the cell capacitance divided by the

volume of both electrodes). While many similarities exist

between the fields of supercapacitors and CDI, the focus and

key performance parameters are different. Especially important

is not to directly deduce from a seemingly high specific capaci-

tance automatically a high SAC value. In the following Section

3.5, we will describe how for CDI, capacitance and desalination

(salt removal) are not equivalent, but are linked by a separate

parameter known as charge efficiency. Thus, while charge

storage is a key performance metric for supercapacitors (energy

storage), we here focus on metrics which are most appropriate

to capacitive desalination applications.

3.5 Charge efficiency and current efficiency

The electric charge that accumulates in an electrode pair

during charging (and is released during discharge) can simply

be divided by Faraday’s number, F = 96 485 C mol�1, to arrive at

charge expressed in units of moles, and this value can be com-

pared to the measured salt adsorption per cycle (also expressed

in moles). This leads to the definition of charge efficiency, L, as

the ratio of adsorbed salt over charge. The concept and impor-

tance of the ratio between salt removed and invested electric

charge stored was first described by Johnson and Newman in

1971,39 and the terminology ‘‘charge efficiency’’ was first used

by Avraham in 2009.29,30 Zhao et al.86 proposed the symbol L

for charge efficiency, and provided the first extensive data set

for L as function of cell voltage and feed salinity. The metric

L is used in the analysis of static electrode CDI cycles as an

integral property of the entire cycle, and L must be less than

unity (yet may approach unity). L is a function of the cell

voltage during charging and discharging, as well as the feed

water salt concentration. Generally, L increases with higher

charging and discharging voltages, and with decreasing feed

concentration.83,86

L is a crucially important parameter when evaluating CDI

cells because of two important implications. First, the electrical

energy requirements of a CDI cell are determined by the value

of L, and generally higher values of L leads to lower energy

consumption. Experimental results for CDI and MCDI reported

in ref. 26 for constant–voltage operation and constant–current

operation have been analyzed for the energy consumption per

ion removed (‘‘kT/ion’’) and for charge efficiency. These two

metrics are plotted against one another in Fig. 5. The plotted

line is a simple inverse proportionality which captures both the

Fig. 4 Kim–Yoon plot for average salt adsorption rate (ASAR) in a flow-by

CDI cell with static film electrodes vs. the salt adsorption capacity (SAC) as

function of charging voltage, Vch. The discharge voltage is set to Vdisch = 0 V

in all cases. The charging and discharging times are the same. Dividing SAC

by ASAR is equal to twice the half-cycle time (HCT). Optimum operational

values according to maximizing the response product (i.e., ASAR multiplied

by SAC) are shown by black circles.
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magnitude and functional dependence of the data, according to:

energy (kT/ion) = a/L, with a = 1/2�Vch/VT, and VT is the thermal

voltage. This relation holds for all constant–voltage experiments

that are at the same cell voltage during charging and discharging.

As Fig. 5 shows, all data, also constant–current data, match closely

with this dependency. Fig. 5 demonstrates that charge efficiency

determines energy consumption (for a certain charging voltage),

that higher values for charge efficiency lead to lower energy

consumption, and thus that MCDI (higher charge efficiency)

generally requires lower electrical energy inputs compared to

CDI (lower charge efficiency). Second, in an equilibrium cycle,

where both salt adsorption and charge stored reach equilibrium

values, equilibrium EDL theory can be used to predict L, or vice

versa, data for L can be used to validate an EDL model. As argued

in Zhao et al.,86 L is well-suited for such fundamental studies of

the EDL as it is independent of the volume (area) of pores in

which EDLs are formed, and thus independent of electrode mass.

Related to charge efficiency, L, is the ratio of salt adsorption

rate (in mol s�1) over current (in A s�1) divided by Faraday’s

constant, which is called the current efficiency, l (Fig. 6B).44

Current efficiency l relates two fluxes and can be used in place

of L in a steady-state CDI processes such as constant current

MCDI (CCMCDI) or FCDI (i.e., where all process parameters, such

as current and effluent salt concentration, do not vary in time).

This metric originates from the field of electrodialysis but can be

used to characterize any FCDI cell, including those without ion-

exchange membranes.45 The current efficiency is calculated from

the effluent and inflow salinity, cout and cin, the water flow rate

F and the applied current, I, according to l = (cin � cout)F/(I/F),

assuming the use of a monovalent 1 : 1 salt. For FCDI-experiments

at the same level of the cell voltage, the energy used (‘‘kT/ion’’)

scales as the inverse of the current efficiency.

Fig. 6A presents as function of feed NaCl concentration, data

for charge efficiency in constant–voltage CDI and MCDI (half-

filled circles, commercial activated carbon electrodes Fig. 4 in

ref. 7, open triangles, data from Fig. 5 in ref. 26). Fig. 6B shows

measured current efficiency for the steady state processes of

CC-MCDI from ref. 26 and FCDI from ref. 44. For all data in

panel A, the charging voltage is Vch = 1.2 V, while discharge is

at 0 V. As Fig. 6A shows, both for CDI and MCDI the charge

efficiency decreases with feed salt concentration, and the appli-

cation of ion-exchange membranes in CDI does not necessarily

result in values of charge efficiency approaching unity. Though,

as seen in Fig. 6A, L of approximately unity is achieved in MCDI

for external salinities up to about 25 mM, beyond that value

L starts to drop. The physical mechanism for this drop is likely

an increase in co-ion leakage through the membrane (a reduced

membrane selectivity) due to lower Donnan potential at the

membranes’ outer interfaces.88 Still, Fig. 6A shows that in MCDI

the charge efficiency is consistently about 20% higher than in

CDI (in absolute value) for all salinities up to 250 mM at these

experimental conditions. In Fig. 6B we present data for current

efficiency for flow-electrode CDI (FCDI) with both a cation- and

anion-exchange membrane (half-filled diamonds, data from

ref. 44) as a function of the applied current and for three salinities.

Interestingly, data for different csalt of 25, 50, and 150 mM

Fig. 5 Data for energy consumption per ion removed, vs. charge effi-

ciency, based on data reported in Zhao et al.
26 for CDI and MCDI, for salt

inflow concentrations from 5–200 mM. Energy recovery is not included.

Divide energy in kT/ion by 200 to convert to MJ mol�1 salt.

Fig. 6 Selected data for charge efficiency L and current efficiency l as function the salt concentration (A) and current density (B). Data for charge

efficiency (A) are obtained for solid film electrodes at Vch = 1.2 V in a cycle where Vdisch = 0 V. Solid line denotes calculation results based on the improved

mD model, see ref. 7. The data for current efficiency (B) is obtained for constant–current MCDI (open triangles; ref. 26), and for FCDI (half-filled

diamonds; ref. 44).
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largely overlap. The decrease in l with increasing applied

current, observed for the FCDI-data in Fig. 6B, is as of yet

unexplained. Also, Fig. 6B presents data for MCDI with static

film electrodes based on cout of the effluent at steady state seen

in constant-current operation (see Fig. 4 in ref. 26). This latter

data was obtained with a feed salt concentration of 20 mM, and

show values for l that are invariant with current.

3.6 Perspectives on standardization of CDI metrics

The continuing rapid growth of the CDI community necessitates

a standardization of key metrics. We strongly suggest that the

CDI community uses the terms proposed here (see Table 1),

which is in alignment with prior literature in the field of CDI and

(for steady-state desalination) in the field of electrodialysis. Other

efficiency-terms, such as salt removal efficiency and Coulombic

efficiency, can be used as indicators for other aspects of CDI

performance. Salt removal efficiency is mainly used in batch-

mode CDI testing describing the relative decrease in salt concen-

tration in the recycled feed when equilibrium has been reached

and salt concentration no longer changes in time.50 This metric is

highly dependent on many operational parameters including the

volume of water in the system and, therefore, this efficiency can

only be used for a direct comparison of electrode materials in the

same test cell. Coulombic efficiency can be used for the ratio of

output charge during discharging a cell, over the input charge.

A value clearly below unity may indicate Faradaic reactions

occurring in a CDI system.

Energy metrics are critical towards comparing between CDI

systems, and further towards comparing water desalination

by CDI with other desalination technologies such as reverse

osmosis, distillation and electrodialysis. In Fig. 5, we presented

the electrical energy requirements for CDI expressed per quantity

of ions removed, which allowed for insight into the key para-

meters affecting CDI energy efficiency. However, we note here that

to compare across technologies, reporting CDI energy require-

ments in terms of kW h m�3 is recommended, as this is widely

used in the field of reverse osmosis.89 Future works in CDI should

also report both the pump energy and electrical energy, especially

for flow electrode systems which require more pump energy to

flow the two slurry electrodes.

Another metric widely used in the field of water desalination

is the water recovery ratio, which is the ratio of produced

freshwater volume to the feedwater volume. Typical values for

water recovery in sea water reverse osmosis plants range between

45–55%.89 By re-circulating the brine or reducing the feed flow

rate during discharge, CDI systems have the potential to attain

significantly higher than 50% water recovery ratios, although

much work remains to explore the practical upper limits of water

recovery, and the energy tradeoffs associated with operating at

a high recovery. Brine management may be facilitated by high

water recovery, as brine volume is minimized.

It is also clear that cost is an important metric with which to

compare CDI systems, in order to elucidate which system may

have the most commercial potential. In particular, performance-

normalized capital costs are widely used for established energy

or desalination systems, for example in the field of flow batteries

(here cost per kW or per kWh). However, the field of CDI, while

growing fast, is still a relatively immature technology, and so the

cost data required to obtain performance-normalized capital

cost metrics (such as cost per SAC or per ASAR) are still largely

unavailable. In particular, more recent CDI technologies, such

as flow electrode CDI (first published in 2013, Fig. 1I), hybrid

CDI (first published in 2014, Fig. 1E), and inverted CDI (first

published in 2015, Fig. 1D) are too novel to yet get a clear

understanding of their ultimate performance-normalized costs.

Future works in the field of CDI should utilize and develop

these types of metrics.

Finally, the values of charge efficiency and current efficiency

can serve as feedback on the correct execution of CDI experiments

and construction of setups. For example, values for charge effi-

ciency beyond unity are impossible according to current EDL

structuremodels (see Section 6), while values below 0.4 at standard

conditions of csalt = 5–20mM and cell voltages of 1.0–1.2 V indicate

that the system setup or electrode materials may not have been

optimum.90

4 State-of-the-art and future of CDI
electrodes

Electrode materials used in CDI cells have been extensively

reviewed previously,50,91 and so we will here only briefly sum-

marize the state-of-the-art and highlight ongoing and future

trends. While the classic materials for CDI were either carbon

aerogels1,19,41,52,53,92,93 or activated carbons,39,56,94 dozens of

Table 1 A summary of key metrics describing the performance of CDI systems

CDI metric Units Best practices Ref.

Salt adsorption
capacity, SAC

mg g�1,
mg mL�1

� Report which electrode weight or volume was used.
� Utilize a feedwater between 5–50 mM NaCl.
� Cycle cell until limit cycle is reached before measurement.

28 and 46

Average salt
adsorption rate, ASAR

mg g�1 min�1,
mg mL�1 min�1

� Report key cell parameters (electrode thickness,
charge and discharge times, cell materials used, etc.)
� Cycle cell until limit cycle is reached before measurement.

28 and 33

Charge efficiency, L � Report both charge and discharge voltages.
� Cycle cell until limit cycle is reached before measurement.

39 and 86

Current efficiency, l � Wait until steady state to obtain current efficiency measurement. 44
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new materials for CDI electrodes have been proposed over the

past decade. The latter materials are carbon-based, and include

carbide-derived carbons,12,46 graphene,54,95–101 hierarchical

carbon aerogels,8,27 carbon nanotubes,20,96,102,103 mesoporous

carbons,18,24,72,104–106 and various composite electrodes (such

as carbon–metal oxide composites).21,97,107–114 A detailed review

on composite electrodes was recently published by Liu et al.,

and we refer readers to this work for further details on these

types of electrodes.115 Overall, CDI electrodes come in various

morphologies, including bound carbon particles, monolithic

hierarchical porous media,8,116 aligned nanotubes,117 and woven

carbon fibers.13,23,118–120

Recently, advances in CDI electrode understanding and

materials have driven an exciting and rapid rise in CDI cell

sorption performance (see Section 3.1 on mSAC).67 In Fig. 7 we

plot the achieved salt sorption by CDI systems vs. the year of

publication, where the last 10 years alone have seen a rise from

roughly 7 to nearly 15 mg g�1 achieved by systems with static,

capacitive CDI electrodes (blue circles in Fig. 7), over 20mg g�1 for

systems with flow electrodes (green star in Fig. 7) or composite

electrodes (black diamonds in Fig. 7), and over 30 mg g�1 for

hybrid CDI systems with one capacitive and one Faradaic, or

battery, electrode (red square in Fig. 7).

An interesting question now arises as to how far capacitive

CDI electrodes can go in terms of mSAC (mgsalt gelectrode
�1). To

gain some insight into this question, we converted the capaci-

tance achieved in state-of-the-art, aqueous supercapacitor cells

to a predicted mSAC, in an effort to project the upper limit for

mSAC achievable by CDI cells.121–126 For this conversion, we

utilized the equation mSAC = a�C�V�L�M/(4F), where a is a

conversion factor equal to 1000 mg g�1, C is the achieved specific

capacitance of a single electrode in units F g�1, V is cell voltage

which was assumed to be 1 V, F is Faraday’s constant, L is cell

charge efficiency which was assumed to be 0.8, M is the molar

mass of NaCl in g mol�1, and the factor 4 relates the electrode

specific capacitance to the cell specific capacitance. This con-

version must be treated with caution, as capacitance for CDI

cells may be lower than that of supercapacitor due to the lower

ionic concentration of the electrolyte in CDI. As an example of

the ionic concentration effects on capacitance, Kim et al.87

observed that for some electrodes made of activated carbons,

capacitance measured in 1 M NaCl solution was approximately

25% higher than that in 10 mM NaCl. Based on this method-

ology, supercapacitors have achieved capacitances which would

translate (without accounting for electrolyte or ionic strength

effects on capacitance) to over 30 mg g�1 mSAC. Thus, it is

conceivable that a cell with capacitive CDI electrodes can

potentially reach significantly over today’s level of 15 mg g�1,

and that the field has not yet achieved the maximum possible

mSAC. A related question can be posed as to what is an upper

limit on mSAC for composite electrodes. The latter question is

difficult to answer at this time, given the vast amount of

possible active materials, and the current lack of understanding

towards electrosorption in composite materials. As can be seen

in Fig. 7, composite materials have been reported to allow for

significantly higher mSAC than capacitive electrodes. One

explanation offered is that composite electrodes with oxide nano-

particles can vary the point of zero charge of the electrodes,

potentially enhancing charge efficiency and mSAC over that of

capacitive electrodes.16

Recently, several groups have focused efforts on studying

and improving the long-term performance of capacitive CDI

electrodes. For example, the activated carbon cloth electrodes in

the CDI system of Cohen et al. demonstrated significant declines

in performance upon repeated charge–discharge cycling, which

was attributed to the chemical oxidation of the positive CDI

electrode (anode).127 Electrode stability was significantly

improved through either operation under a nitrogen environ-

ment (to remove dissolved oxygen) or simply reversing the

polarity of the electrodes intermittently. Gao et al. reported

unstable and deteriorating performance upon cycling a CDI cell

with carbon xerogel electrodes, which was also attributed to

anode oxidation.62 However, upon chemically treating the anode

and imbuing the anode with net negative surface charge (result-

ing in an ‘‘inverted’’ cell operation, with desalination during

cell discharge), the electrode lifetime was extended by a factor

of over 5 to over 600 h of continuous operation. Interestingly,

in early CDI work with carbon aerogel electrodes, the cell was

used for months of continuous operation with less than 10%

decrease in salt removed per cycle (at 1.2 V charging voltage),

and reversing the polarity after several months allowed for a

recovery of the cell performance to nearly initial levels.19 These

results collectively illustrate that capacitive electrode degradation

extent and rate may be strongly material dependent. Electrode

lifetime studies are a crucial component of the success of CDI

technologies, and we expect to see many more such studies

emerge in the near future for capacitive, composite, flow and

hybrid CDI electrodes.

Fig. 7 Historical evolution of maximum salt adsorption capacity (mSAC)

for capacitive, composite, hybrid, and flow CDI electrodes. Capacitive CDI

systems containing two static, capacitive porous carbon electrodes have

increased in maximum salt adsorption capacity (mSAC) by a factor of

approximately two over the past 10 years (to nearly 15 mg g�1). The recent

advent of composite electrodes (capacitive electrodes with incorporated

metal oxides) and hybrid architectures (one capacitive porous carbon

electrode and one battery electrode), has allowed for boosts in mSAC to

well over 20 mg g�1. Flow electrodes have also been able to achieve higher

sorption, with over 25 mg g�1 reported. (*) For flow electrodes, a value of

sorption capacity was reported as 40mg g�1 in ref. 2; after personal communi-

cation with authors, this was corrected to 25 mg g�1.
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4.1 Designing electrode materials: differences between

supercapacitor and CDI electrodes

The features desirable for supercapacitor (more precisely, EDL

capacitor) electrodes for aqueous electrolytes, namely the inhi-

bition of electrochemical reactions within the water electrolysis

voltage window and high specific capacitance, are also desir-

able features for CDI electrodes. In addition, the understanding

of the impact of average pore size77 and pore size dispersity on

energy storage performance developed in the supercapacitor

community128 can typically be used directly towards improving

desalination performance of CDI electrode materials.46 Yet, one

important difference between CDI and supercapacitor electrode

materials is that CDI material developers must be concerned

with the electrode’s charge efficiency (see Section 3.5), that is,

considering not just charge, but the number of electrosorbed ions

per invested charge. As mentioned in Sections 3.5 and ref. 83, in

order to achieve the lowest energy requirements for desalination via

CDI, one should minimize co-ion expulsion. The desire to boost

charge efficiency is the reason CDI electrodes are often modified to

include ion exchange membranes.3,6,33,36,42,61,129–137

To illustrate the effect of charge efficiency, L, and its relation to

the physical effect of co-ion expulsion and counterion adsorption,

we show schematically in Fig. 8A several fundamental mecha-

nisms of electric charge compensation inside micropores of

carbon electrodes (where the pores open to an external solution).

In Fig. 8A-i, we show an uncharged carbon pore, which possesses

an equal amount of co- and counterions. In Fig. 8A-ii, we show

the mechanism whereby charge screening occurs entirely due to

co-ion expulsion. In such situations the charging current is

not associated with ion removal from the feed water, but

rather L o 0 would result and the ion concentration in the

adjacent external solution would increase during charging, and

decrease again during discharge. Though this scenario is not

predicted by existing EDL theory, interestingly, desalination

during CDI cell discharge has recently been demonstrated

experimentally after anode oxidation or surface treatments

of CDI electrodes.62,127 Fig. 8A-iii shows the mechanism of

electric-field driven ion swapping, which occurs at low voltages

or high salt concentrations.138 In this scenario the ion con-

centration in the external solution does not change during

the charging step, leading to the case where L = 0. The

mechanism leading to desalination during charging is depicted

in Fig. 8A-iv, where charge is balanced by counterion adsorp-

tion, leading to an increase in total number of ions in the pore

and L 4 0.

While Fig. 8A presents the three fundamental mechanisms

of electric charge compensation in micropores, in Fig. 8B we

present a realistic scenario of ion adsorption and expulsion

upon increasing the electric charge, as occurs in CDI.7,50 Initially,

we begin with an uncharged pore (i), and then begin to add

electric charge. Subsequently, two ion swapping events occur

(ii) and (iii) to fully empty the electrode of co-ions, without any

increase in pore ion concentration (and thus no desalination

of the external solution). Only upon further increasing the

electrical charge in the electrode, does charge compensation

of each extra electron involve adsorbing a counterion (iv), and

only now is the external solution desalinated. This sequence

of events is in line with the measured dependence of micro-

pore ion concentration versus electrode charge as reported in

ref. 7 and 50.

Another difference between CDI cells and supercapacitors is

that for supercapacitors, charge (and so energy) is often in

parallel stored by pseudocapacitive mechanisms that involve

protons (e.g., quinone2 hydroquinone). Unfortunately, such

mechanisms typically do not contribute to desalination, as

they most often do not utilize the salt ions relevant to water

desalination.

4.2 Perspectives on CDI electrode materials

Perhaps the most significant future research direction in

capacitive CDI electrode materials is continuing the fast rise

in mSAC via optimizing CDI electrode materials and pore

structure (see blue circles in Fig. 7). Another important

future research direction in CDI is improving the design,

performance, and understanding of flow electrodes (slurry

electrodes). While flow electrode architectures can enable

desalination of high salinity feeds, they currently suffer from

significantly inhibited electron transport when compared to

static electrodes.44,45,139

A parallel path in electrodes for CDI systems is the use of a

single battery electrode (with Faradaic charge transfer) along

with a single CDI electrode (a capacitive electrode). Analogously

to the higher charge storage (energy density) achievable with

batteries (bulk storage) than supercapacitors (surface storage),

Fig. 8 (A) Fundamental electric charge compensation mechanisms: with

increasing charge efficiency from (i) initial state to (ii) co-ion expulsion,

(iii) ion swapping, and (iv) counterion adsorption. (B) The evolution of

electric charge compensation upon increasing electrode charge, where

two subsequent ion swapping events (ii) and (iii) are followed by counter-

ion adsorption (iv).
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battery desalination electrodes have the potential to achieve

higher salt sorption than CDI electrodes (although likely at a

reduced desalination rate and possibly a lower performance

stability over frequent charge–discharge cycles). This concept

was demonstrated first by Lee et al.,11 who showed up to

31 mg g�1 salt sorption (see red square in Fig. 7). Finally, one

step further from hybrid CDI systems are desalination batteries,

which utilize two battery electrodes (Fig. 1F).66 The latter systems

are promising for high salinity water desalination, allowing

potentially higher salt sorption per charge than is possible with

static electrode CDI. However, a key question with all desalina-

tion battery electrodes is on the stability against dissolution of

the battery materials. In addition, a concern is how well they

would perform in real water systems which contain a mixture of

many ionic species. The Faradaic reactions in battery electrodes

are currently tuned to consume a single species (such as chloride

or sodium), and may not be able to significantly affect other

present species (except, perhaps, by an additional capacitive

mechanism).

Additionally, while the effect of pore size dispersity on salt

sorption has been studied in detail,46 the effect of electrode

micro-structure (e.g., bound spheres vs. monolithic vs. fibers)

on the performance has not yet been fully determined and

elucidated. It is clear that the structure must carefully balance

the requirements of fast ion transport to micropores (e.g., with

rates on the order of molecular diffusion), high microporosity,

and fast ion transport within micropores. Generally, fast ion

transport to micropores is ensured by placing the entrance to

these micropores within a through-electrode network of macro-

pores. However, future work must determine the optimized

macropore network structure and pore size which allows for fast

transport, yet also yields a maximum micropore volume (maxi-

mum salt storage). Generally, monolithic materials are especially

promising, as they do not utilize inert binder material (which

takes up volume but does not transport or store ions), and so the

further development of these electrode materials is an important

research direction.

Finally, another important aspect is to consider electrodes

holistically; most current research focuses exclusively on the

characterization of the porosity of the active material, such as

microporous carbons, and exclusively reports the porosity

parameters of this component. Yet, this ignores the presence

of binder which effectively may block a large amount of pore

volume140,141 apart from adding dead mass. Also, it is common

practice for carbon electrodes to often mix in a conductive

additive, such as carbon black; yet, again, we have to consider

additional added dead mass when considering that common

carbon blacks have a very small specific surface area (o100 m2 g�1).

Incidentally, adopting recent results from the supercapacitor

community, we see that adding any conductive additive is only

beneficial if going to sufficiently high current densities during

charging operation. Adding conductive additives generally

leads to a lower mSAC value, because of mixing of the active

carbon with a material with a low pore volume.142 Thus, key

performance data should ideally relate to the properties of the

entire electrode.

5 Current and future applications for
CDI

The most widely investigated application for capacitive deioni-

zation (CDI) is the desalination of brackish waters towards the

production of potable or agricultural water.1,19,33,53,81,130,143,144

Compared to established desalination technologies, such as

reverse osmosis (RO) and multi-stage flash distillation (MSF),

current CDI systems can require less energy for desalination at

low levels of feed water salt concentration (at levels roughly one

order of magnitude less salt than sea water and lower).26,33 Like

electrodialysis, CDI is a technology which directly transports

the (relatively few) dissolved salt ions out of the feed water,

rather than transporting the (plentiful) water molecules away

from the salt, as in RO and MSF.145,146 In the case of CDI,

dissolved salts are transported by electromigration to EDLs,

where they are stored until the desalination step is complete. In

the case of RO, water molecules are transported through a

semi-permeable membrane, with salt ions largely remaining on

the upstream side.147 Thus, in CDI, the energy requirements

are a strong function of the concentration of salt ions in the

feed water, with a weaker relationship observed in RO.47 Energy

requirements of MCDI and RO setups are compared in ref. 47

and show a salt concentration cross-over point below which

MCDI becomes more energy efficient (roughly below 2 g L�1).

CDI systems with static electrodes (Fig. 1A–F) are characterized

by a limited amount of salt that can be adsorbed into the EDL

per charge, and thus sea water desalination with static electrode

CDI systems is impractical from an infrastructure and energy

point of view (a roughly 5 : 1 ratio of electrode volume to feed

water volume is needed to adequately desalinate sea water).

The vast majority of CDI experimental works test novel CDI

cell architectures or electrode materials using brackish feed

water synthesized in a laboratory. Most typically, the feed water

is a solution of sodium chloride in deionized water.50 The latter

conditions allow for insightful, controlled experiments for

proof-of-concept type work; however, they do not allow for a

reliable prediction of the performance during continuous treat-

ment of real brackish feed waters, such as river water or saline

aquifers. In systems with real waters, such as that of Gabelich

et al. using carbon aerogel electrodes,1 the natural organic matter

present in river water appeared to reduce the sorption capacity of

the electrodes, indicating some surface fouling. Similar conclu-

sions were reached by Zhang et al.,148 who reported decreased

performance in CDI systems when treating brackish waters with

high concentrations (2 mg L�1) of dissolved organics. The latter

performance decrease was reversed when a mild cleaning

solution (0.01 M citric acid and 0.01 M sodium hydroxide)

was flushed through the CDI cell.148

Conversely, field tests by Xu et al.53 on brackish produced

water from natural gas generation sites indicated a stable perfor-

mance of carbon aerogel-based CDI system over several hours

of continuous operation, indicating no significant fouling

of the electrodes in this timescale. Further, the work of Lee

et al.3 treating brackish thermal power plant waste water using

a membrane CDI cell reported no significant decay in cell
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performance for 500 desalination cycles. In yet another work it

was shown that MCDI systems can be applied for treatment of

brackish water containing 5–10 mg L�1 of oil compounds such

as octane.149 Currently, it is difficult to draw broad conclusions

on the lifetime of CDI cells, as it is clear the target parameters

(water hardness, chemical composition etc.) play an important

role for resulting CDI performance and stability.

The very recent advent of both flow electrode CDI (FCDI) and

hybrid CDI systems has opened new areas of application for

CDI systems.2,11 One advantage of these systems over CDI with

two static porous carbon electrodes is to enable the desalina-

tion of higher salinity feeds than was previously possible. For

example, FCDI, in which both electrodes are composed of a

flowing carbon slurry, has demonstrated the desalination of

feed water with total salt concentration roughly equal to that of

sea water with a single cell charge.2 Hybrid CDI, in which one

electrode is porous carbon and the other is a battery electrode

such as sodium manganese oxide, has demonstrated over

30 mg g�1 equilibrium NaCl salt sorption per charge, nearly

double that of static electrode CDI systems.11 Due to the

nascent state of FCDI and hybrid CDI, many questions relating

to their application remain currently unanswered. Will these

systems compete with sea water reverse osmosis in terms of

energy requirements? How many charge–discharge cycles will

these systems be able to attain without significant performance

degradation? It is clear that FCDI and hybrid CDI will be

important research topics in the near future, with their most

suitable applications yet-to-be determined.

Beyond the application of brackish and sea water desalina-

tion, CDI has also been utilized for other applications requiring

removal of ions from an aqueous solution. For example, CDI for

water softening was demonstrated by Seo et al.,4 where CDI

cells were used to remove divalent dissolved minerals such as

calcium and magnesium which can scale household appliances

and interfere with their cleaning processes. Further, CDI sys-

tems have been employed as a method of removing weak acids,

such as boric acid from RO-treated water.35 Other innovative

application of CDI and MCDI relates to ion removal from

biomass hydrolyzate,150 acetic and sulfuric acids from biomass

hydrolyzate using a lime addition–capacitive deionization (CDI)

hybrid process,151 insulin purification,152 microfluidic sample

preparation,153 removal of phosphates and nitrates,154,155

chromium,156,157 copper,158,159 lithium,160,161 lead ions,162 and

cadmium ions.163 It has to be noted that some of the applica-

tions mentioned above deal with treatment of feed waters

containing amphoteric ions such as phosphate or bicarbonate

ions which depending on electrolyte pH value can donate or

accept protons. Such processes should be taken into account

when performing desalination tests (as feed pH can be perturbed

while charging (M)CDI cells).50,164 Yet, we would like to point

out that some metal ions, for example copper, can undergo a

reduction process and as a result be deposited as elemental

copper on the electrodes.158,165 If this is the case, this process

should not be classified as capacitive deionization but rather

metal electroplating involving electron transfer reaction between

electrodes and dissolved ions.

Also of note is that CDI systems can be integrated with other

technologies to provide synergy towards achieving various end

goals. One example is the integration of CDI cells with renew-

able energy sources such as solar energy,166 as solar panels are

well suited towards providing the low voltage (approximately

1 V) required by a CDI cell. Such combined solar-CDI units can

be used to treat water in remote locations without electrical grid

access. A second example is combining CDI functionality with a

microbial environment, the so-called integrated microbial

capacitive desalination cell (MCDC).167 In the latter cells, it is

reported that microbes present in the anode compartment

oxidize organic matter in wastewater, yielding electrons which

can be used to drive a CDI process. Thus, these cells have been

reported to remove organic matter and salts simultaneously,

(while generating the energy needed to desalinate). Lastly, CDI

cells can be coupled together with other desalination systems,

such as reverse osmosis (RO), where CDI systems have been used

previously to treat brine water emerging from an RO unit.168 As

the RO brine is typically of a high salinity, the cell’s charge

efficiency for this operation is likely low, and thus the process

energy efficiency is likely poor (with respect to energy per ion

removed, see Fig. 5).

Further, CDI has been investigated as a tool towards the

selective removal or up-concentration of a certain ion from

multicomponent electrolytes.55 The latter method leverages the

time-dependent selectivity of charging EDLs, which preferentially

adsorb species with higher bulk ionic concentrations at early

times during charging, while at later times ions with higher

valence are preferentially adsorbed.55 This concept can even

be used to construct a cell for so called potential-controlled

chromatography with improved separation (and detection) of

charged species.169,170 An alternative approach to achieve pre-

ferential removal of a certain ion utilizes a material with high

selectivity towards one ionic species placed either on electrodes’

surfaces or between electrodes’ carbon particles. This approach

has been demonstrated towards the preferential removal of

nitrate over chloride and sulfate ions.59,60 For example, Yeo

et al.60 and Kim et al.59 demonstrated a 2.0- and 2.3-fold increase

of nitrate ion removal compared with standard CDI and MCDI

systems, respectively. Enhanced uptake of cations was demon-

strated by using electrodes consisting of carbon particles and

zeolite with high selectivity towards calcium.171 Another way of

controlling the differential removal of ions carrying the same

charge and valence was achieved by controlling current density

during MCDI operation.172

We would like to point out that despite the many advances

achieved in membrane technologies over the years, there is no

membrane technology to our knowledge that is highly selective

for one particular ion species. Development of such membranes

will allow for new application possibilities in selective ion removal

with MCDI. However, due to a lack of development of such

membranes, this field is still largely unexplored, yet it remains

a highly promising direction. The most known and studied

membrane designed for ionic selectivity introduces selective

molecules, often called ‘‘extractants’’, into the membrane matrix.

These molecules are responsible for selective binding with
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target molecules and transporting them across the membrane

interface. It is believed that this concept can be applied in

treating contaminated waters, but first, the price of extractants

has to be significantly reduced to make large scale desalination

systems economically feasible.173,174

In addition to research-level explorations of applications of CDI,

there have been several commercial efforts based on CDI technol-

ogies. Early commercialization efforts emerged from LLNL (Lawr-

ence Livermore National Laboratory, USA) in the 1990s (see ref. 19)

but were eventually unsuccessful. In hindsight, the low salt adsorp-

tion capacity of the early carbon aerogels used in this work timemay

have played a role. Breakthroughs made since then, as described in

this perspective, in material performance, cell design, and funda-

mental understanding, have allowed for large improvements in

CDI system performance and energy efficiency. As a result, recent

industrial efforts have arisen worldwide to commercialize CDI

technologies. For example, the company Voltea B.V. (The Nether-

lands) has developedmembrane CDI-based systems for commercial

and domestic applications. Their MCDI pilot system performance

data obtained from treating feed water of cooling tower facilities

were published in ref. 175. In this work it was claimed that

utilization of anMCDI system relative to traditional water treatment

technologies is beneficial in terms of chemical, water and waste

water savings. Additionally, this work demonstrated a low energy

consumption of between 0.1 and 0.2 kW h m�3 of produced

desalinated water for the desalination of cooling tower feed water

with total conductivity of 0.37–0.65 mS cm�1. EST Water & Technol-

ogies (People’s Republic of China) develops large-scale CDI systems

(Fig. 9) for desalination which can be applied in a variety of indus-

tries. Examples include applications in municipal groundwater,

petrochemical industry, steel mills, thermoelectric power plants,

coal chemical manufacturing, paper mills, production of fertilizer,

and high fluorine and high arsenic brackish water. Up to nowmore

than 30 industrial systems are installed in China, where most of the

facilities are for industrial/municipal waste water recovery/reuse

with treatment capacities ranging from 100 to 2000 m3 h�1. In

terms of energy consumption EST modules are attractive in com-

parison to RO modules, with values of energy consumption around

1.0 kW h m�3 for EST CDI and 1.5 kW h m�3 for RO.

5.1 Perspectives on applications for CDI technologies

Looking towards what the future may hold for applications for

CDI, we believe that the research and commercial community

has only scratched the surface of the potential of CDI. This is

evidenced by the very recent proliferation of novel cell archi-

tectures with enhanced capabilities,2,11 and increased funda-

mental understanding of cell capabilities.46,55 We expect that

the use of CDI cells as an electrosorption platform to selectively

remove various charged species (ions, small organic molecules)

from electrolytes will be a significant part of future efforts, as

this aspect of CDI has only begun to be explored. Further,

towards the application of water desalination, important future

research in CDI will involve studying and reducing the fouling

potential of CDI electrodes under real water conditions (sea,

river, and other feed waters). This is especially important for

novel and emerging architectures, such as flow electrode CDI

and membrane CDI. More long-term studies of CDI cell per-

formance with real waters will show the limits to cycle life of

current systems, paving the way for a new generation of CDI

systems which achieve breakthroughs in operation life. Yet, as

real water systems have very unique composition and physico-

chemical properties that vary from source to source, we will yet

have to (1) establish commonly accepted test protocols and

(2) to modify such protocols for specific applications and local

water properties.

6 Theory for CDI: state-of-the-art and
future developments
6.1 CDI vs. electrical double layer capacitors

(supercapacitors): similarities and differences

As mentioned before: there exist many similarities between

supercapacitors cells for energy storage and CDI cells. Archi-

tecturally, both consist of a pair of conductive porous electrodes

(either static or flow electrodes) which are charged capacitively

to store ions in EDLs at the interface between the solid carbon

matrix and the liquid electrolyte. The dynamics of supercapacitors

are oftenmodeled via linear circuits, with themost common circuit

known as the transmission line model (TL-model; Fig. 10).176,177

This circuit model can capture the charging/discharging of a

porous medium consisting of two continuous interpenetrating

conductive media, such as an electrically conductive solid

carbon material (the pore walls), and an electrolyte filling the

pore void volume. For supercapacitor applications, charge is

stored capacitively at the carbon/electrolyte interface. Typically,

Fig. 9 Large scale CDI desalination modules produced by EST, China: (A) municipal waste water reuse desalination plant with a capacity of 60000 m3 day�1

and (B) coal mine waste water remediation plant with a capacity of 5000 m3 day�1.
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for simplicity, the resistance in the electron conducting carbon

is assumed to be negligible,73,177 although the treatment of

carbon as an ideal metal is factually incorrect.178 Fig. 10 shows a

schematic of the equivalent circuit used tomodel supercapacitors.

Here, resistor elements represent the ionic resistance of the

electrolyte in the pore, while capacitor elements represent the

EDLs forming at pore walls. Let us stress, in the CDI models

discussed further on, the concept of a ‘‘pore wall’’ is not used.

Instead, EDLs are formed within a third type of volumetric

continuous medium, in transport theory called the micropores.

This nomenclature for micropores and macropores (for the ion

transport pathways across the electrode) dates back to Johnson

and Newman (1971),39 and is different from IUPAC definitions

for pore sizes. From this circuit model, a simple partial differ-

ential equation can be formulated to describe the dynamics of

local electric potential in the electrolyte (eqn (1)):176

@f

@t
¼

1

RC

@2f

@x2
(1)

where f is the electric potential in the pore electrolyte,

R represents the electrode ionic resistance (O m), C is the

electrode EDL capacitance per unit volume (F m�3), and x is a

position coordinate in the electrode. Eqn (1) assumes a planar

1-dimensional (1D) geometry but can be easily adjusted to

describe any geometry. The TL-model serves as a useful approxi-

mation to the charging dynamics of a supercapacitor177 even if it

possesses significant limitations, for example, the EDL often

cannot be modeled exactly with a linear capacitor element

(because the EDL capacitance typically varies with applied

voltage),179,180 and this model may not be appropriate to describe

charging in porous media with nanometer scale pores.80,181 In

supercapacitor cells, the concentration of ions in the electrolyte is

typically very high (1 M or higher), and so during charging the ion

concentration in the pore bulk (outside the EDLs) remains

roughly unchanged and thus R can be taken as a constant.

Although similar in architecture, significant differences in

charging dynamics can be observed between supercapacitor and

CDI cells. In a CDI cell, the concentration of ions is significantly

lower than in supercapacitors (typically 1–100 mM), so that

during charging the pore bulk is significantly depleted of ions

(i.e., desalinated). Thus, a key difference between supercapacitors

and CDI cell dynamics is that in CDI cells, the dynamics cannot

be captured by linear circuit elements (eqn (1)), as the process

of desalination necessarily introduces time-varying electrolyte

resistances into the system.73 Further, modeling the salt concen-

tration dynamics requires an additional parameter known as

charge efficiency (see Section 3.5). CDI models also may have to

consider complexities associated with ionic mixtures, for instance

containing multiple species of cations.55 As a result, the dynamics

of CDI cells can be significantly more complex than that of the

supercapacitor, but, nevertheless, understanding supercapacitors

provides an excellent foundation onto which one can build an

understanding of CDI cells. In the following section, we will

cover methods of modeling CDI cells which go beyond linear

circuit theory.

6.2 Advances in macroscopic porous electrode theory applied

to CDI: multiscale porous electrodes and storing salt in

micropore volumes

To capture the dynamics of charging (and discharging) of CDI

cells, the most-utilized approach is to employ macroscopic porous

electrode theory.5,39,73,182 This theory, pioneered in the 1970’s

by Newman,39,183 models the dynamics within charged porous

electrodes by using judiciously chosen volume elements. These

volumes are larger than pore sizes, yet much smaller than the

overall electrode length scale, and variables such as electrolyte

ion concentration and electric potential are averaged over

this volume element.184 In this manner, transport equations

can be formulated without considering the microscopic, pore-

level geometry. This theory is widely used in electrochemical

systems,184 and was first applied to CDI in 1971 by Johnson

and Newman.39

In order to model ion uptake into EDLs, the transport model

must couple to an EDL structure model, which can relate the

local potential drop across the EDL in porous carbon particles,

or at any pore walls, to the local ion flux into the EDL. Thus,

obtaining accurate CDI model results depends crucially on the

use of an accurate EDL structure model. Initial CDI models

utilized well-known EDL structure models such as a Helmholtz

EDL model8,39 or a Gouy–Chapman–Stern (GCS) EDL model

(Fig. 11A).86 However, neither of these models accurately cap-

tures the EDL structure along typical CDI electrodes’ pore walls.

First, the Helmholtz model assumes that the liquid side of the

EDL consists entirely of counterions in a fixed plane. The latter

has the advantage of being the simplest EDL structure model;

however, this model necessitates a charge efficiency of unity:

for each electronic charge injected locally in the micropore, one

ionic countercharge is adsorbed, as co-ions are absent from the

EDL. This is clearly in contrast with typical CDI experimental data,

Fig. 10 Schematic of the transmission line circuit model capturing the

charge–discharge behavior of EDL capacitors (supercapacitors). Such a

model cannot capture the dynamics of CDI during desalination, as CDI

involves time-varying pore ionic resistance and requires EDL models that

distinguish between salt adsorption and stored electric charge (between

the local salt flux and charging current). Nevertheless, the supercapacitor

framework is a crucial building block towards the development of accurate

CDI models.
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which always demonstrates a sub-unity charge efficiency (see

Section 3.5). For the GCS-model, as implemented by Biesheuvel

and Bazant,73 it was assumed that the diffuse layer forming at

pore walls can extend freely. Rather, in typical multi-scale CDI

electrodes, the pores where strong desalination occurs are

strongly confined (pores o 2 nm), and so the EDLs are strongly

overlapped.

An advance in the equilibrium EDL structure model accounted

for the confined nature of the micropores in CDI electrodes, and

this was the so-called modified Donnan (mD) model formulated

in 2011 (Fig. 11B).5–7 This model considers salt storage to occur

within the volume of micropores (i.e., pores smaller than 2 nm)

rather than along pore surfaces (as was assumed for previously

developed models utilizing Helmholtz or GCS double layer struc-

ture models8,39,86). In the mD model, the micropores are consid-

ered to have strongly overlapped double layer and so the classical

Donnan assumption of a uniform pore electrostatic potential can

be utilized. The Donnan assumption allows for a mathematically

compact description of the EDL structure, and it also more

accurately captures the typical pore structure of CDI electrodes

(see Section 4). Further, the use of ‘‘modified’’ referred to two

extensions of classical Donnan models, one by including a

Stern layer in the micropores’ EDL, and two, by including an

extra term describing an adsorption of ions into micropores

due to forces separate from the applied electric field. The latter

extension captures the effect that also uncharged carbons

can adsorb salt from electrolytes, which is a well-known and

well-characterized phenomenon.7,185,186 In addition to being a

more realistic portrayal of CDI electrodes, the mD-model also

overcame numerical difficulties in using classical GCS EDL

structure models in cases of strong desalination and salt

concentration gradients.50,73 The robustness of implementing

the mD model in porous electrode theory is evidenced by the

presence of very steep gradients of salt concentration in the

transport pathways in themDmodel solutions, without numerical

difficulties, with the macropore salinity dropping to small values

(order 10 ppm) (see ref. 50).

However, initial formulations of the mD-model overpredicted

salt adsorption at high salinity (Fig. 4 in ref. 7). Supported by an

analysis of ion–ion correlation forces in metallic nanopores, a

correction was established where the extra attraction term was

made inversely dependent on total pore ion concentration. This

improved mD model allowed for a much better fit of theory to

equilibrium data for salt adsorption and charge over a wide range

of feed salinities (5–200 mM) and cell voltages (up to 1.2 V).7,83

Future analysis must show whether the i-mD model can accu-

rately capture data for ionic mixtures containing both mono- and

multivalent cations and anions.55

6.3 On the use of adsorption isotherms in CDI modeling

A very different approach of modeling salt adsorption in CDI

electrodes is the use of classical Langmuir or Freundlich iso-

therms. While this approach has been used frequently in the

field of CDI, we caution that this is not appropriate for several

reasons. Such isotherms are general equations to fit data for the

equilibrium adsorption of uncharged molecules from a gas or

liquid phase onto an uncharged surface, and do not capture ion

electrosorption at a charged interface. From fitting the equa-

tion to, for example, data for nitrogen gas adsorption onto

an uncharged surface, an adsorption energy and a maximum

adsorption can be derived. However, such isotherm equations

are inappropriate to model CDI which has very different under-

lying physical characteristics, based primarily on ion storage in

the EDL by an electrostatic attraction. This electrostatic force

can be tuned by injecting more or less electronic charge in the

carbon, a feature which is not captured by Langmuir or Freundlich

isotherms. Further, CDI cells typically consist of two electrodes,

and thus there may be an asymmetry between the electrodes,

an effect not captured by classical isotherm models. Instead,

only EDL models (such as the modified Donnan model) can

correctly describe the underlying physics of ion adsorption in

CDI via electrostatic forces, can be extended to consider ionic

mixtures or salt systems that undergo acid/base reactions,

and in the future extended to include chemical surface charge

Fig. 11 Classic GCS EDL model (A) vs. modified Donnan model (B) to describe ion storage in carbon pores.
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(e.g., due to carboxylic groups), and pseudocapacitive reactions

(e.g., the quinone 2 hydroquinone reaction, which involves

the joint ‘‘adsorption’’ of an electron and proton).182 In short,

classical isotherms only describe the effect of salt concentration

on salt adsorption in the absence of a charged surface, whereas

many additional effects are needed to describe electrosorption

via CDI (see Fig. 12). The data in Fig. 12 demonstrates that

isotherm modeling alone is inappropriate for CDI, as here the

measured decrease in salt adsorption for salt concentrations

beyond 6 g L�1 (B100 mM NaCl) can only be described by the

i-mD model, and not by the isotherm equations.7 Classical

isotherms can be used to compare and contrast the sorption of

technologies not using applied voltages, such as ion exchange,

to the electrosorption predicted by CDI models.

6.4 Future directions in CDI theory: cell level modelling

The previous sections focused on transport in a single porous

electrode used for CDI. However, additional considerations are

important whenmodeling the complete CDI cell, and these will be

described in this section. Firstly, porous electrode theory applied

to CDI has up to now always been solved for one-dimensional

transport through a charging or discharging electrode. However,

an actual flow-by (or flow between) CDI cell (see Fig. 1A) typically

has two important directions: one in the direction of the flow

of water between the electrodes, and one in the direction of the

applied electric field (perpendicular to the flow direction). Thus,

to model a flow-by CDI cell, a coupling of the macroscopic porous

electrode theory (a one-dimensional transport of species through

the electrode) to a model that encompasses the two-dimensional

cell architecture is required. Until now this coupling has been

established by mathematically dividing the flow channel and its

neighboring electrode regions into ‘‘stirred tank’’ sub-cells with

only fluid flow from sub-cell to sub-cell in the spacer (the region

between porous electrodes).6,187 A fully 2D CDI model would

allow for more realistic determination of the transport and

concentration profile within the separator region. For flow-by

CDI, often only half of a cell is considered (see the modeling

geometry in Fig. 13). This is a good approach for a simple 1 : 1

salt solution when there is evidence of symmetry in the EDL

structure between positively and negatively charged electrodes.

Extensive experimental work with CDI using asymmetric electrode

mass ratios showed that indeed this assumption of symmetry is

appropriate for a simple salt solution such as NaCl (despite the

slightly different diffusivities between the sodium and chloride

ions).187However, the use of a full model including both electrodes

is unavoidable when a strongly asymmetric salt is used such

Fig. 12 Comparison of isotherm-based CDI models (Freundlich and Langmuir isotherms), and EDL models (such as the modified Donnan model).

Prediction of salt adsorption capacity vs. salt concentration for two isotherm models and according to the mD model.

Fig. 13 Outline of a macroscopic CDI cell model combining fluid flow through a spacer channel (left-right direction) with ion transport and adsorption

in solid fixed CDI film electrodes, first through transport pathways (or, macropores), then into carbon particles where EDLs are formed (reproduced with

permission).46
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as CaCl2, as well as for complex ionic mixtures. Also when the

transport of H+- and OH�-ions is to be included, important

to model pH fluctuations, a two electrode model is required

due to the large diffusivity difference between H+, OH�, and

salt ions.

In contrast to flow-by CDI, flow-through electrode CDI is

an architecture that can be well described by a purely one-

dimensional model, as here the flow of electrolyte is in the same

direction as the applied electric field (see Fig. 13). Another key

difference in modeling flow-through electrode vs. flow-between

systems is that desalination is not symmetric about the cell

centerline. For flow-through CDI, in the upstream electrode, the

co-ion (ions with the same valence sign as the electrode wall

charge) must transport faster than the fluid, while the counterions

are held back (these effects occur via an electromigration drift

flux). In this way, local electroneutrality in the transport pathways

of the upstream electrode is assured while counterions can be

adsorbed in the local EDLs. In the downstream (second) electrode,

the situation is reversed (not symmetric to the first electrode) with

the counterion transporting faster than the fluid velocity, and the

co-ion held back. Such effects should be explored in future works

on the theory of flow-through electrode CDI.

CDI architectures with static and flow electrodes often use

ion exchange membranes (IEMs) (see Section 2.1). Ion trans-

port in these IEMs can be described by the same Nernst–Planck

flux equations as also used for the electrodes. The membrane

fixed charge density, ‘‘X’’, however, is now a constant, which

simplifies matters significantly (in the electrodes, charge den-

sity varies temporally and spatially during charging). Because X,

which is defined per unit volume of electrolyte, is very high,

of the order of 5 M, the ionic conductivity of the membranes is

very high, and its ionic content is relatively invariant upon

changing external conditions, and thus ion accumulation (unsteady

behavior) is typically neglected. Also, because of the high charge X,

ionic concentration profiles and electrical potentials can be

assumed to be linear across the membrane. All of these assump-

tions lead to a simplified semi-analytical model for the membrane

that is easily included in a full CDI transport model.26 Note that

the membrane charge X is defined as a positive number, with a

factor o used to describe the sign of the membrane charge, being

positive (o = 1) for an anion-exchange membrane, negative

(o = �1) for a cation exchange membrane. This is the classical

Teorell–Meyers–Sievers (TMS) model, or ‘‘leaky membrane

model’’.6,33,188,189 This TMS model allows the passage of

counterions and also a limited number of co-ions (as opposed

to a perfect membrane, which does not allow co-ion transport).

The TMS model self-consistently models all ionic fluxes and

currents, taking as input only the ionic diffusivities in the

membrane and the membrane charge density, and has been

applied to model MCDI in ref. 26, 33 and 190.

A final task to be taken up is the modeling of flow-electrode

CDI. Assuming that steady-state is reached with all local para-

meters unvarying in time, modeling here is actually much

simplified44 and the system can be described by the current

efficiency, l, unvarying in time, see Fig. 6. This key parameter of

current efficiency is defined as the salt removal rate from the

(central) water channel over the current (assuming the testing of a

1 :1 salt), where current is expressed inmol s�1 (or mol m�2 s�1) by

dividing current (density) by Faraday’s number. In flow-electrode

CDI one of themain challenges is the description and optimization

of slurry viscosity and slurry electrical conductivity: how do

electrons ‘‘hop’’ from one carbon particle to the next and how

does ion- and charge-redistribution in floating carbon particles

affect the overall performance and efficiency?

6.5 Future directions in CDI theory: accounting for slow

transport into EDLs

A key assumption implicit in typical porous electrode CDI models,

is that the local ion transport from the interparticle pores

(macropores) into the EDLs (micropores) occurs with negligible

resistance to transport, and so the rate-limiting step in desalina-

tion by CDI is macroscopic transport across the electrode. This

assumption may be correct for thick electrodes that are composed

of small (relative to the electrode size) carbon particles that have a

fair degree of mesopores, as this configuration results in small

transport distances from macropore to the intraparticle EDL, and

mesopores (2–50 nm size) do not have the transport resistances

that may occur when the pore size approaches the ion size (as for

micropores).80,181 However, in situations with longer macro-

pore to EDL transport distances, or intraparticle pore space

with primarily micropores, it may be required to include this

additional transport resistance.

In modified Donnan CDI theory with fast transport between

macropores and EDLs, the Boltzmann equilibrium describes

ion concentration in the micropores (eqn (2)):

cmi,i = cmA,i�exp (�ziDfd + matt), (2)

where the subscripts ‘‘mi’’ and ‘‘mA’’ refer to micropores (EDL)

and macropores (transport pathways), respectively, Dfd is the

Donnan potential, and matt is the attraction term used in the

(i-)mD-model.

Instead of using eqn (2), it is possible to use an equation for

the rate of transport of ions between macro- and micropores. We

here account for finite transport rates by using an overpotential-

like expression mentioned first in ref. 46 and 50. Namely, we can

describe the ion flux from macro- to micropore according to the

following equation (eqn (3)):

ji = k�(cmA,i�exp (a�(�zi�Dfd + matt))

� cmi,i�exp ((1 � a)�(zi�Dfd � matt))) (3)

where k is a kinetic rate constant and a is a transfer coefficient,

typically taken to be a = 1/2. When the exchange rate k is fast,

or ji has become small, eqn (3) exactly reduces to eqn (2). That

is one limit, the other limit, occurs when we assume that the

transport from macropore to micropore (and back) is much

slower than transport across the electrode. In this case the

profiles in cmA,i, cmi,i, smi, etc., become invariant across the

electrode thickness (still time-dependent), and we no longer need

to consider macropore transport of ions. In this limit we obtain a

simple ‘‘zero-dimensional’’ model for the porous electrode, where

the single values of cmi,i, cmA,i, smi, etc. (only a function of time)
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are obtained from a simple ‘‘stirred-tank’’ mass balance over the

entire electrode. In this transport model, we obtain the following

balances for component i, and for charge, for an electrode of

thickness L, namely (eqn (4))

pmA �

@cmA;i

@t
¼ Ji=L� ji; (4a)

pmi �
@smi

@t
¼ Jcharge

�

L (4b)

where Ji is the flux of ion i entering the electrode at the interface

with the spacer channel, and Jcharge the current density running

between the electrodes, both expressed in mol m�2 s�1.

6.6 Perspectives on the field of CDI theory

The ultimate aim of CDI modeling is to derive a mathematical

code that not just describes previously recorded data, but can

predict CDI performance in all its facets including desalination

degree, pH fluctuations, energy consumption, and so on. Such a

design model should be able to do that for wide ranges of input

parameters of electrode architecture (thickness, porosities), cell

design and external conditions such as switching times, applied

current and voltage signals, and more. The design model can

then be combined with a cost calculation module that contains

prices for energy and materials, and these elements together

should go into a cost optimization code to calculate the optimum

CDI cell design and operational mode, for a precisely-defined

application. This optimum can then be compared to the respec-

tive optimum of competing water treatment technologies.

This aim is still far from being realized, but the CDI-

community has covered quite some distance towards the ultimate

development of a design model that confidently predicts the

performance of all possible data sets (e.g., including/excluding

membranes; constant voltage vs. constant current) with all model

parameters at constant values. This is a significant challenge,

given that many elements of a CDI cell have not yet been included,

such as effects of protons/hydroxyl ions, chemical surface charge

and redox functionalities, and also details of membrane trans-

port, such as co-ion leakage and possible water flow through the

membrane. Thus, the challenge of a predictive CDI model can be

put into context as part of the larger challenge in the electro-

kinetics community of predicting ion transport in charged porous

media and EDL structure.

As improved EDL structure models are developed, we must

emphasize that it is also important that EDL structure models

are simple enough to be easily integrated into porous electrode

transport models, see for example ref. 83. They should further-

more ideally remain mathematically concise when extending the

model to situations with mixtures of ions as is typical in environ-

mental applications. Also the fact that the ions may undergo acid/

base equilibria reactions should be implementable.190,191

A key issue in membrane transport modeling is the range of

phenomena occurring at ‘‘overlimiting currents’’ when the ion

concentration near one of the membrane interfaces drops to

zero. This condition very likely also exists in MCDI, but has not

been investigated at all. Note that this may happen on either

side of the membrane: on the side of the spacer channel during

charging, and on the electrode side during discharge. It may

therefore well be that phenomena such as fluid flow vortices, or

current-induced membrane discharge (CIMD) play a role also in

MCDI.192 In summary, membrane modeling for CDI is still in

its infancy: no papers exist that describe the effect of membrane

thickness, or possibly the role of monovalent selective mem-

branes for CDI, which are membranes where a thin nm-thick

coating is applied on the membrane of an opposite sign (e.g.,

a thin anion-exchange coating on a cation-exchange IEM).

7 Conclusion and outlook

The field of CDI has seen tremendous growth over the last

decade, and has grown from a laboratory curiosity into a capable

technology of which we have only started to understand the

limitations. Perhaps themost intriguing aspect of CDI is its many

parallels with the field of supercapacitors. In both fields, we have

seen a trend first towards high capacitance (CDI: salt adsorption

capacity), which is now transitioning also towards high perfor-

mance at high rates (CDI: salt adsorption rate), and exploring novel

architectures for applications very small (micro-supercapacitors;

CDI: desalination on a chip) and very large (electrochemical flow

capacitors; CDI: flow-CDI). Also, Faradaic reactions have entered

the scope of both fields as a facile way to allow an enhanced

amount of charge transfer. For CDI, enhanced charge transfer

alone is not required, the enhanced transfer must also remove

targeted salt ions from the feedwater (as has been very recently

demonstrated via hybrid CDI). A controllable surface functionality

may also open new pathways for alternative CDI systems, like the

recently proposed ‘‘inverted’’ CDI concept.62 Like in the case of

Ragone plots with capacitors, supercapacitors, and batteries,

we may see in the future competition between electrochemical

ion removal technologies with different removal rates, sorption

capacities, and cycle lifetimes.

For CDI to reach its full application potential, we still need

to better understand the mechanisms of performance degrada-

tion and eventual device failure. This applies in particular when

transitioning from very controlled systems (like 5 mM NaCl in

de-aerated water) to surface water. As our expertise in applying

CDI with more robust performance and stability improves, the

versatility of the method will grow. Beyond the scope of providing

drinking water, CDI and adaptions thereof will continue to be

explored for closed-circuit treatment and recycling of industrial

water, ion separation, and possibly increasing ion concentration

for mining waste water or selective synthesis routes in the

chemical and pharmaceutical industry.

Performance and stability are intrinsically tied to the electrode

material, which until recently was exclusively carbon. With the

emergence of hybrid CDI the desalination battery, this strict

limitation to carbon materials has ended, but also first explora-

tory studies have shed some light on the perspective of using

heteroatom carbons or carbon hybrid materials. This field is

widely unexplored and the community will only be able to benefit

from novel and possibly exoticmaterials if thorough performance

Perspective Energy & Environmental Science

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

5
 M

ay
 2

0
1
5
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
4
/2

0
2
2
 1

:4
8
:0

5
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5ee00519a


2316 | Energy Environ. Sci., 2015, 8, 2296--2319 This journal is©The Royal Society of Chemistry 2015

benchmarking is provided. For example, while adding hetero-

atoms to carbons and utilizing hybrid materials may be a way to

modify and tune wettability and electrical conductivity, we also

have to consider that the emergence of possibly redox-active sites

may negatively impact the charge efficiency and cycle lifetime.

One exciting development in the field of CDI is the emergence

of flow electrodes. Not only has it impacted on system engineer-

ing, but has also introduced the idea of decoupling maximum

salt sorption capacity and ion removal rates by employing a

continuous process without the need for in-cell electrode regen-

eration. The latter is having a potentially transformative impact

on the selection of carbonmaterials and their synthesis. After all,

the complex interplay of viscosity, conductivity, and flow rates

allows for less of an emphasis on employing carbons with the

highest salt sorption capacity, but rather with the highest salt

sorption rate and the best performance stability.
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