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Abstract

Owing to an expanding economy and growing population, there is increasing consumer
demand for freshwater. However, with global climate change and water pollution issues,
there is rising water stress in many countries worldwide. Electrochemical water desalination
technologies such as capacitive deionization (CDI) utilize electrical energy to store ions in
porous materials and provide energy-efficient water desalination. However, due to the
cation and anion exchange process during the charging and discharging processes, CDI is
considered suitable for low salinity water desalination (salinity of 1-10 g/L). This dissertation
explores novel approaches to next-generation CDI for better desalination performances and
water desalination at high ionic strength. In particular, the ability of sub-nanometer carbon
pores (ultramicropores) to enable highly efficient CDI even at seawater salinity is
demonstrated based on unexpected simulation predictions. This unique ability originates
from the energy barrier of ion solvation for pores smaller than the solvation shell.
Consequently, uncharged carbon ultramicropores behave ionophobic and overcome the
limitation of CDI only to be suitable for remediation of brackish water. Ultramicropores also
provide novel perspectives for ion separation via the interplay of intrinsic and kinetic ion
selectivity. This work also establishes electrocatalytic fuel cell desalination, whereby
conventional fuel cell technology can easily be adapted to generate electricity, heat, and

desalinated water concurrently.



Zusammenfassung

Als Resultat der boomenden Wirtschaft und dem weltweiten Bevdlkerungswachstum steigt
auch der Bedarf an SiiBwasser stetig an. Angesichts des globalen Klimawandels und der
vorherrschenden Wasserverschmutzung ist die Wasserknappheit langst nicht mehr nur auf
einzelne Regionen begrenzt, sondern herrscht bereits in vielen Landern auf der ganzen Welt
vor. Elektrochemische Wasserentsalzungstechnologien wie die kapazitive Deionisation (CDI)
nutzen elektrische Energie, um lonen in porésen Materialien zu speichern und bieten somit
die Grundlage fir eine energieeffiziente Technologie zur Wasserentsalzung. Aufgrund des
Kationen- und Anionenaustausches wahrend des Lade- und Entladevorgangs ist die CDI
jedoch nur fir die Entsalzung von Brackwasser (Salinitat von 1 bis 10 g/L) geeignet. In der
vorliegenden Dissertationsschrift werden neue Anséatze flr die nachste Generation an CDI
zur Verbesserung der Entsalzungsleistung sowie der Wasserentsalzung bei hoher
lonenstarke untersucht. Insbesondere wird auch anhand unerwarteter
Simulationsvorhersagen gezeigt, dass Kohlenstoffporen im Subnanometerbereich
(Ultramikroporen) eine hocheffiziente CDI selbst beim Salzgehalt von Meerwasser
ermoglichen. Diese einzigartige Fahigkeit ergibt sich aus der Energiebarriere der
lonensolvatation fiir Poren, die kleiner sind als die Solvatationsschale. Folglich verhalten sich
ungeladene Kohlenstoff-Ultramikroporen ionophob und liberwinden die Beschrankung der
CDlI, so dass sie fir die Aufarbeitung von Brackwasser geeignet sind. Ultramikroporen bieten
zusatzlich neue Perspektiven fir die lonentrennung durch das Zusammenspiel von
intrinsischer und kinetischer lonenselektivitat. Mit dieser Arbeit wird ebenfalls die
elektrokatalytische Brennstoffzellenentsalzung eingefiihrt, wobei die herkémmliche
Brennstoffzellentechnologie leicht angepasst werden kann, um gleichzeitig Strom, Warme

und entsalztes Wasser zu erzeugen.
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1. Motivation
Although water covers 71% of the earth’s surface, only 2.5% of all earthly water is

freshwater and primarily exists in glaciers, ice caps, and groundwater.[1] With an ever-
growing economy and human population, inadequate access to clean water and sanitation
has become one of the most pervasive problems concerning water consumption.[2] Water
scarcity continues to grow alongside the progress of climate change.[3, 4] Owing to severe
water stress, there exist disaggregations of river basins not only in North Africa and the Near
East, but also in North America, Central, and Southern Asia, and on the western coast of
Latin America.[5] On average, 10% of the global population lives in countries with high or
critical water stress.[5] Water is essential for daily life, industrial needs, agriculture, and food
production. An alarmingly increasing quantity of contaminants has entered the global water
supply in developing and industrialized nations, ranging from heavy metals to distillates and
micropollutants.[2] Prompt action must thus be taken in the coming decades to explore
more effective ways of supplying clean water.

There are many different water desalination technologies such as multi-effect distillation
(MED), multi-stage flash distillation (MSF), seawater reverse osmosis (SWRO), and
electrodialysis (ED).[6-11] These technologies have seen significant improvements over the
last decades and dominate today’s industrial water desalination sector. However, each
technology has certain disadvantages and limitations. More effort is thus required to
develop desalination technologies that offer more flexibility, higher energy efficiency, and
better performance. Environmental impact and sustainability are also essential requirements
to consider. In this work, electrochemical water treatment technologies with mechanism
studies and the development of third-generation water desalination technologies are

introduced.



2. Water treatment: state of the art
One possible way to address the issue of global water scarcity is to provide clean, potable

water via desalination, that is, by removing dissolved salt ions from saline water. Depending
on the total dissolved solids (TDS) contained within, saline water can be classified as brackish
water (1-5 g/L), seawater and salt lakes (30-40 g/L), or brine water (TDS>100 g/L).[12-14]
Most seawater bodies have a TDS value of 30-40 g/L, while freshwater has a TDS value of
lower than 1 g/L.[15] Different desalination techniques are applied due to the diversity of
water resources. By distinguishing the primary energy input, desalination technologies can
be classified as thermal energy-driven, mechanical energy-driven, and electrical energy-
driven (Figure 1).
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Figure 1: Schematic graphs of the current stage of the art water desalination

technologies. They are separated into three categories: A) thermal energy-

driven,[16] B) mechanical energy-driven,[11] and C) electrical energy-driven.[17]



2.1. Thermal energy-driven desalination technologies

Water evaporation and condensation are presumably the earliest water desalination
methods for producing drinkable water. By applying thermal heat to the saltwater, vapor will
form and condense as freshwater. In this case, there are some commonly applied
technologies such as multi-effect distillation (MED) and multi-stage flash
distillation(MSF).[11]

MED is a technique suitable for seawater desalination. The process is illustrated in Figure 1A.i.
Seawater is first fed to the effects and heated to form a distilled vapor. The waste heat from
the distilled vapor is then used to heat seawater from the next step. This produces more
distilled vapor, which then and condenses to become freshwater. Depending on the energy
efficiency of the system, the effect level can range from 4 to 21 levels. At the end of the
system, room-temperature desalinated water is ultimately produced.[18, 19] MED has a
total electricity consumption of 14-21 kWh/m3 with fresh water production of 5000-
15000 m3/day.[20]

The working process of the MSF is shown in Figure 1Aii. In the MSF process, the feedwater is
first heated until it reaches a temperature just below boiling. The hot feedwater is then
moved to the next stage via a pressure mechanism where a lower pressure in the first stage
draws water from the higher-pressure heating component. In the first stage, the heated
feedwater is then converted to vapor due to the decrease in pressure. In this process, the
ions in the newly vaporized feed water collect in a brine solution at the bottom of the first
stage. The vaporized feedwater in the first stage also works to vaporize fresh feedwater that
is fed into the top of the second stage. This further separates the ions from the introduced
feedwater, which leads to a collection of more ion-free vapor. The vapor is then made to
condense into ion-free water. Via two separate channels, the ion-free water and brine
collected in the first stage is input into the second stage via an even lower pressure, and the
process repeats until all the condensed freshwater is collected.[18] Due to its economic scale
and ability to apply low-temperature steam, MSF is considered an energy-intensive
technology with a total electricity consumption of 19-27 kWh/m3. MSF has a fresh water
production of 20000-70000 m3/day for each plant and is currently widely applied in the
middle east.[18, 20, 21]



2.2. Mechanical energy-driven desalination technologies

The vapor compression (VC) distillation process is often applied with other distillation
processes like MED. To evaporate seawater, the heat energy is generated by compressing
the vapor. In the next step, the vapor is condensed while the heat from the vapor is used to
vaporize the brine water.[18, 20]

Another technology that requires mechanical energy is filtration technology. In this case,
freshwater is separated from feedwater using a semipermeable membrane with a certain
porosity depending on the size of the species in the water. Depending on the pore size, the
membranes can reject different kinds of particles and ions via microfiltration (MF),
ultrafiltration (UF), and nanofiltration (NF). Membranes used in reverse osmosis (RO)
technology can also reject saltwater ions.[15]

When two solutions with different concentrations are separated by a semipermeable
membrane (Figure 1B), the water contained within flows spontaneously from the high
concentration side to the low concentration side. To balance the energy potential, external
pressure must be applied at the high concentrated side. If the pressure is higher than the
osmosis pressure, the water flow will be inverted. In this way, water can be extracted from
highly concentrated water.[22] For seawater desalination (SWRO), the feedwater pressure
ranges from 6000 kPa to 8000 kPa, while for brackish water desalination, the applied
pressure ranges from 600 kPa to 3000 kPa. The RO process also has a higher energy
efficiency compared to thermal energy-based technologies[23] in that the energy
consumption of the former can reach between 4 kWh/m3 to 6 kWh/m?3,[20] which is lower
than MSF and MED.[20, 23] Thus, RO has become a worldwide leading technology in small
and large scale applications.[24] However, membrane fouling and contamination remain

challenges to the longevity of RO devices and installations.[15, 25]



2.3. Electrical energy-driven desalination technologies

Electrodialysis (ED) has been employed for over 60 years to treat industrial water and
brackish water.[6-9] In an electrodialysis stack, there are two streams of water separated by
ion-selective membranes. Under an applied electric potential, the water split into H, and O3
at the two electrodes. To balance the charge, the ions are then transported through ion
exchange membranes (IEMs) to the other side of the water channel (Figure 1C). As a result,
one stream of water becomes desalinated while the other stream increases its concentration
of ions. Over the past few decades, the performance of ED has been improved in that it can
be scaled up and can desalinate brackish water with concentrations of up to 15 g/L. ED
enables water desalination with an energy consumption of 0.7-5.5 kWh/m?3.[20]

Apart from ED, other electrochemical desalination processes are being studied to achieve
more energy-efficient and effective water treatment in different water conditions. Such
examples include first-generation capacitive deionization (CDI), second generation Faradaic
deionization (FDI; also known as desalination batteries), hybrid capacitive deionization
(HCDI), and other techniques. Moreover, third-generation desalination technologies that
utilize chemical energy and renewable energies such as solar power, biomass, and hydrogen,

have been studied in recent years. These aspects will be introduced in the following sections.

2.4. Electrochemical water treatment

2.4.1. First Generation: capacitive deionization

Conventional capacitive deionization (CDI) charges one pair (or n pairs) of porous carbon
electrodes in contact with flowing feedwater. By applying an electrical voltage between the
two electrodes, the cations and anions in the feedwater will be electroadsorbed in carbon
(nano)pores to decrease the ion concentration in the effluent stream.[26, 27] Unlike thermal
distillation, reverse osmosis, and electrodialysis, CDI allows for straightforward energy and
electrode recovery.[28] The immobilized ions will be released during the discharge process
by shortcircuiting the electrode pair, lowering the cell voltage, or inverting the cell
polarity.[26, 29] Due to the energy and electrode recovery possibility, CDI has emerged as a
potentially energy-efficient and cost-effective technology for water desalination.[28] Since
the desalination capacity of CDI is strongly related to the specific surface area and pore
volume,[30, 31] carbon materials of different desalination capacities have been applied to

achieve a higher desalination capacity.



2.4.2. Carbon materials for water desalination

Since Murphy and Caudle applied a symmetric carbon-carbon electrode pair to study the
first CDI setup in 1967,[32] a variety of studies on carbon materials have been reported for
capacitive deionization applications. It is commonly believed that [26, 29] the carbon
materials should have a high specific surface area and pore volume for water desalination.
Mesoporous carbons and microporous carbons have been widely explored and studied as a
result. According to the IUPAC definition, pores wider than 50 nm are called macropores,
pores of intermediate width between 2-50 nm are called mesopores, and pores narrower
than 2 nm are called micropores.

Mesoporous carbons have been studied for supercapacitor applications due to their fast
inner-pore ion diffusion, which increases cycling stability and improves rate handling
ability.[33, 34] The mesopore structure will also enhance the desalination rate in CDI
applications. For highly ordered carbon-like carbon nanotubes (CNT), the sp? hybridization of
carbon will build up a layered structure with van der Waals bonding between the layers.[35,
36] The mesopores of CNT are resulted from the interparticle space due to the small particle
size. Apart from CNT, ordered mesoporous carbon can be synthesized by applying hard and
soft template-based synthesis and self-assembling block co-polymer surfactant with carbon
precursors.[37-41]

Microporous carbons are commonly used in supercapacitors, metal-air batteries,
electrocatalysis, and desalination studies due to their high specific surface areas (up to more
than 3000 m?/g) that lead to higher specific capacitance.[31, 42] One strategy for producing
microporous carbon is chemical/physical activation under heat treatments of the available
carbon sources such as coal, petrol side products, and biomass using acid, base, water steam,
or CO; as activating agents.[43-45] This method has the advantages of low cost and naturally
renewability, however, it involves a lot of impurities in the carbon materials, a wide pore size
distribution is often obtained,[46] Another synthesis routine is chlorination of metal carbides
under heat treatments, metal atoms are selectively extracted from the carbide, resulting in a
porous carbon matrix with a temperature-dependent pore size distribution.[47] Polymer-
derived carbon materials are also of great interest due to their flexibility in creating
hierarchic pores and controlling pore size.[42, 48, 49] By synthesizing polymers with a
controlled particle size as the precursor and followed by pyrolysis and chemical/physical

activation, the microporous carbon with controlled particle size can be synthesized. Thus, a



narrow pore size distribution and desirable rate handling abilities and longevities can be
achieved.[42] From a capacitance perspective, although having a high specific surface area is
very important in increasing the specific capacitance of carbon material, some other aspects
(such as pore size distributions, pore volumes, confinement curvature, wettability, and
electrical conductivity) also influence the electrochemical performance of the carbon
materials.[46] Raymundo-Pifiero et al. concluded that there is an optimal subnanometer
pore size to achieve a high specific capacitance in different electrolytes (0.7 nm for aqueous
and 0.8 nm for organic electrolyte).[50] In the same year, Chmiola et al. applied carbon
material at different average pore sizes and shows smaller average pore sizes can contribute
to higher ion storage capacitance.[51] For desalination aspects, this optimal average pore

size for high charge efficiency and desalination capacity is smaller than 0.6 nm.[52]

2.5. Cell types

Due to the flexibility of adjusting the cell structure, CDI cells can be equipped with different
kinds of electrode materials and ion-exchange membranes (IEM). [32] CDI cells have been
applied not only for water desalination but also selective ion removal.[31, 53] The cell types
for different capacitive deionization techniques are illustrated in Figure 2. The most
commonly studied type is CDI, which utilizes a pair of porous electrodes on two sides of a
feedwater flow. Under an applied cell voltage, the ions in the feedwater are electro-
adsorbed into the pores of the electrode materials.[26, 32] A variety of cell structures have

been developed to achieve different goals for water treatment (Figure 2).



A) CDI
C) Asymmetric CDI D) i-CDI

Q

Figure 2: Structures of four different types of CDI. A.) typical CDI cell; B) MCDI; C) an
asymmetric CDI cell, and D) i-CDI.

2.5.1 Membrane capacitive deionization (MCDI)

To improve the desalination performance and decrease the influence of co-ion ejection, a
pair of ion exchange membranes can be added to the electrodes and separate the feedwater
flow. In this case, the cation exchange membranes (CEM) are at the negative electrode and
the anion exchange membrane (AEM) at the positive electrode. This technique is called
membrane capacitive deionization (MCDI). In this case, a higher charge efficiency and a
higher desalination capacity can be obtained. This technique can also be applied in seawater
level concentration.[54, 55] MCDI has the potential to be more energy-efficient compared to

reverse osmosis and distillation under low salt concentrations.[56]



Polymer-based ion-exchange membranes (IEM) are made from polymers with ionizable
functional groups serving as the fixed charges on the polymer backbones.[57, 58] With
cation fixed charges, anions can be transported between the backbones (AEM). Cations can
then be transported between the backbones (CEM) with anion fixed charges. Thus, ion
transportation through the IEM is strongly dependent on the electrostatic interactions
between the fixed charge groups and the transported ions.[59-61] Due to different ion
distributions between the polymer IEM phase and the solution phase, an electrical potential
called Donnan potential is generated at the membrane/solution interface, excluding the co-

ions (Donnan exclusion). The Donan potential can be expressed in Eq. (1):[59, 62]

m
c

Epon = ¥~ s =" iy [:7;] = -2 %) Eq. (1)
where Wm and Ws are the electrical potentials of the polymer membrane and the solution,
while af] and agl are the thermodynamic activities of the counter-ions in the solution and
the membrane. The terms a$ and a* represent the activity of co-ions in the solution and
membrane. According to this equation, a stronger electrical potential is obtained when there
are more fixed charges in the IEMs that lead to a higher difference between aj and ag'. A
better ion permselectivity can thus be obtained. However, this would require adding more
ionogenic groups during the synthesis that makes the IEM more hydrophilic and swollen in
the solution.[59] Therefore, facile control of the IEM synthesis to obtain feasible
permselective and ion transport properties are of significant importance.

While polymer-based ion-selective membranes are considered to have limited ion
permselectivity, ceramic superionic conductors, which have been broadly investigated for
batteries and fuel cells,[63, 64] are also of great interest in the field of electrochemical water
desalination. Due to the unique crystal structures, the ions hop from one lattice site to
another, which results in high ionic conductivity and high ion permselectivity for particular

ions such as Na* (NASICON) and Li* (LISICON).[65]
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2.5.2 Asymmetric capacitive deionization

Different electrode materials can also be applied depending on the ability for different ion
uptake and the number of capacitive potential windows in agueous media. This type of cell
is called asymmetric capacitive deionization.[66, 67] Different electrode modifications on
both electrodes with functional groups can prevent co-ion repulsions and significantly
improve the desalination charge efficiency.[67, 68] The addition of metal oxides can enhance
the electrochemical stability, and prevent carbon oxidation.[69] Insertion-type TisC; MXene
has a high cation permselectivity, which enables cation uptake under a high ionic strength.
Therefore, pairing TizC; MXene with activated carbon with proper mass balancing would

greatly improve the desalination performance at the seawater molarity ionic strength.[66]

2.5.3 Inverted capacitive deionization (i-CDI)

For CDI that apply different porous carbon materials, carbon oxidation is an undesirable side
reaction that is caused by water splitting when the cell’s electrical potential window is
inappropriate or the electrode material mass balance is not properly applied. This would
result in lower cell cycling stability. In addition, the desalination process always involves
electrical input, and the electrodes cannot uptake ions without applying a cell voltage. To
address these issues, the inverted-CDI (i-CDI) applies capacitive materials modified with
surface positive (negative electrode) and negative (positive electrode) charges. The ion
removal process occurs not during the charging of the cell (like in CDI cells) but during the
discharging of the cell.[70-72] In the first i-CDI study in 2015, an i-CDI system that included
carbon xerogel (CX) with/without surface charges as electrodes were performed for over
600 h. This is approximately a 530% increase in lifetime compared to a regular CDI system
operated under similar conditions. The oxidized anodes in the i-CDI system can suppress
carbon oxidation in an aqueous solution, which leads to high desalination performance.[72]
To improve the desalination performance of the i-CDI cell, the potential of both the cathode
and anode must be managed to suitable potential regimes. The zeta potential of the charge-
modified electrodes would affect the ion adsorption properties, and is reflected by the shift

of the electrode potential zero charges (Epzc) via Eq. (2):

{ =ki(pHpzc —PH) = k2(E — Epyc) Eq. (2)
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In Eq. (2), is the zeta potential, pHpzc is the point of zero charge, Epzc is the potential of zero
charge, E is the electrode potential, and ki and k, are positive constants. According to this
equation, a decrease in the { and pHpzc would lead to an increase of Epzc and vice versa.[73,

74]

2.5.4 Flow electrode capacitive deionization (FCDI)

Although capacitive deionization (CDI) has the advantage of low cost and high energy
efficiency under a low or moderate salt concentration,[32, 75] the operation of a CDI cell
often involves charging (desalination) and discharging (salination) process. This requires
careful consideration of process control and scaling up the CDI process to separate the
desalinated and salinated water. To overcome the limitations of CDI, flow electrode
capacitive deionization (FCDI) was later developed. Introduced in 1996, the concept of the
slurry electrode is a suspension of carbon particles that can transfer charges from an
electrochemical cell to a reactor.[76] Jeon et al. applied a process that involved flowing
carbon electrode material-suspended saltwater between the ion-exchange membranes and
current collectors through a spacer. The resulting continuous ion uptake process shows that
the FCDI system can remove 95% of salt from a seawater-like salt concentration of
32.1 g/L.[77] Later, the FCDI system was classified into batch mode and continuous mode by
Gendel et al. (Figure 3).[78] The continuous mode operation enables desalination, while an
electrode slurry under the continuous model further assists in saltwater regeneration. By
applying a desalination cell and a concentrating cell simultaneously, the continuous
operation mode results in a desalination efficiency of more than 99% for the initial
feedwater concentration of 1 gnaci/L.[78] Porada et al. demonstrated a capacitive mixing
technology that utilizes cylindrical ion-exchange membranes as flow channels and
continuously extracts energy during the ion removal process.[79] Rommerskirchen et al. also
developed an FCDI system using a single flow-electrode and a single model to realize
continuous desalination operation with a desalination efficiency of 70% and a water
recovery ratio of 0.8.[80] Many factors are essential for the desalination performance of the
FCDI system, such as particle dispersion,[81], the feedwater concentration,[82] electrical

operation mode,[82, 83] mass loading, and low rate of electrode slurries.[79]
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A) Batch FCDI B) Continuous FCDI
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Figure 3: Two FCDI structure types adapted from literature.[78] A) a batch mode CDI B)

an FCDI system with continuous operation.

2.5.5 Outlook on capacitive deionization

For electrochemical water desalination applications, CDI is known to be promising for the
application in low molarities.[32, 75, 84] Although many studies have shown that specific
surface area, specific pore volume, pore size, and pore curvature are important factors in
improving the desalination performance, pore size, and carbon particle size are also
important parameters to achieve better desalination performance. Recently, CDI was
studied for direct seawater desalination and has been proved to be efficient when sub-
nanometer porous carbon materials are applied.[52, 85] Although most MCDI studies are
focused on the desalination of water at low molarity, MCDI for seawater molar strength is
also studied.[55] The desalination performance, especially charge efficiency, is strongly
influenced by the salt concentration, voltage operation window, and permselectivity of the
ion-exchange membranes. For i-CDI, the Epzc modification of the electrodes can enable a
longer lifespan for desalination with lower energy consumption.[86] As for FCDI, the
desalination performance is related to the electric conductivity of the electrode suspension,
the kinetic effects of ion diffusion, the mass transportation of the electrode, and the
saltwater flow rate. Different operation modes (like batch mode and continuous mode)[78]

can also influence desalination performance.
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The CDI technigue enables selective ion removal via carbon material with different
subnanometer pore sizes and applying different cell voltages for ion separation applications.
This can also be achieved by MCDI, which selectively removes ions by adding selective ion-

exchange membranes.[87-89]

2.6 From capacitive to Faradaic reaction: a nanoconfinement effect

2.6.1 Faradaic materials

Due to the cation and anion exchange process during the cycling process of a CDI operation,
the desalination performance is decreased when saltwater of higher concentration is
applied. This phenomenon would lead to lower desalination capacity, lower charge
efficiency, and is not energetically efficient.[52, 90] The limited desalination capacity is
related to the intrinsic ion storage capacity of the porous carbon materials,[91] which
requires a large number of electrode pairs for CDI application. The parasitic electrochemical
reactions such as water splitting and surface oxidation would also deteriorate the electrode
material, thereby changing the Epzc and leading to a shorter lifespan and lower desalination
performances of the system.[69] To address these issues, Faradaic materials were
considered for electrochemical desalination applications due to their high ion storage
capacity and intrinsic cation/anion permselectivity. There are three types of electrochemical

faradaic reactions: interface redox, insertion type, and conversion type (Figure 4).

Faradaic Process
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Figure 4: Different types of electrochemical faradaic reactions. Figure adapted from

literature.[91, 92]
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Interface redox reactions can be separated into two categories: surface redox reactions and
electrolyte redox. For surface redox reactions, charged species come to the surface of the
electrodes from the bulk solution and transfer/receive electrons from the electrode. This
charge transfer process can either have or not have a kinetic limiting effect. For example,
RuO2 and MnO; show rectangular cyclic voltammograms (CV) shapes.[92-95] Redox
polymers like poly(vinyl ferrocene) show battery-like peaks with reversible redox peaks.[96]
For the electrolyte redox reactions,[97] the redox species are in the electrolyte and the
charge transfer process is at the electrode/electrolyte interface. Because this system is
limited by the kinetics of ion diffusion from the bulk electrolyte to the electrode surface, it
thus has a battery-like CV shape.[98-100]

Insertion-type materials have interstitial sites that allow ion insertion and interaction with
the host materials. The CV shape for these materials can both be capacitor-like or battery-

like.



15

For insertion type materials, depending on the ion transport type, there are one-dimensional
insertion site materials such as LiFePQOs, tunnel structured manganese oxide, two-
dimensional materials such as MXenes,[101] transition metal dichalcogenides (TMDs),[102-
104] layered transition metal oxides (TMOs),[104] and three-dimensional insertion types
materials such as Prussian blues[105] and polyanionic phosphates.[106]

Due to the properties of high theoretical capacity, high energy density, and low toxicity,
conversion type materials are regarded as a promising candidate not only for battery
research,[107] but also for electrochemical water desalination research.[108, 109] These
materials generally have a high theoretical capacity ranging from 500 to 1500 mAh/g.[107]
The conversion-type materials can be transition metal compounds such as transition metal
oxides, sulfides, fluorides, phosphides, and nitrides.[107] The reaction can be expressed as in
Eq. (3):

TMyX, + (b*c)At + (b *c)e” 2 aTM® + bA_X Eq. (3):
Where TM is transition metal, X is anionic species, and A is a cation.

Some chalcogen and halogen compounds can also undergo conversion reactions, which can
be expressed in Eq. (4):(107]1 X + aA™ + ae™ 2 A, X Eq. (4):
Apart from cations, anions can be stored in conversion-type of materials such as Ag[109],

Bi,[110] BiOCI,[111, 112], and VOCI [113].

2.6.2 Cell types for Faradaic deionization

Due to the different Faradaic reaction potential windows and different reaction conditions of
the Faradaic materials, Faradaic materials often require particular consideration when being
paired with a CDI material. Therefore, careful the desalination cell must be designed to

maximize the ion uptake abilities of the system (Figure 5).
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Figure 5: Structures of different types of Faradaic deionization (FDI). A) Desalination
battery; B) hybrid capacitive deionization (HCDI); C) bi-electrolyte CDI, and D) redox

electrolyte applied for water desalination.

2.6.3 Second generation: desalination battery

In 2012, Pasta et al. demonstrated the concept of “desalination battery”. In this work, they
applied Na«xMnsO1p nanorods and Ag/AgCl as an electrode pair to uptake Na* and CI
separately and achieved 20% salt removal with an energy consumption of 0.29 Wh/L [114].
Due to the intrinsic cation/anion permselectivity and high ion storage capacity, desalination
batteries have become a very promising desalination technology.[115]

One type of desalination battery consists of a cation storage electrode, a feedwater channel,
and an anion storage electrode (Figure 5A). When the electrochemical potential for cation
storage is lower than for anion storage, the desalination battery can desalinate the
feedwater by a charging process. It then recovers the electrode and releases the ions during

the discharging of the cell.[116]
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Another type of desalination battery is composed of a pair of cation and anion storage
electrodes and one ion-exchange membrane to separate two water flow chambers
(Figure 5A). This type of desalination battery is called a rocking chair desalination
battery.[105] By one ion species uptaking/releasing from the same electrode type, the cell
can desalinate water in one channel and recover saltwater in the other. This concept was
first introduced in 2012, Grygolowicz-Pawlak et al. proposed an electrochemical system for
efficient NaCl removal by applying Ag/AgCl electrode to remove chloride ions and a Nafion
membrane to transport way sodium ion to balance the charge.[117] In 2016, Smith et al.
simulated the Na-ion desalination (NID) battery model and predict the desalination
performance (80% recovery efficiency with 700 mM NaCl influent).[118] Different materials

for both cation (NID) and anion (CID) storage were later studied.[105, 109, 119]

2.6.4 Hybrid capacitive deionization (HCDI)

The first work of applying capacitive material and faradaic materials in one desalination cell
was developed in 1960 by Blair and Murphy, they used carbon and Ag-modified carbon
material to remove cation and anion at the two electrodes, separately.[120] In 2014, the
concept of asymmetrical hybrid capacitive deionization (HCDI, Figure 5B) was introduced by
Lee et al. by applying NasMngO1g as a negative electrode for cation removal and activated
carbon (AC) as a positive electrode for anion adsorption instead of an expensive Ag/AgCl
electrode.[121, 122] By capturing Na* via intercalation into the lattice of NasMngO1g
electrode, this type of technique shows a much higher desalination capacity (31 mg/g)
compared to a typical CDI system (14 mg/g) under a 1.2 V cell voltage in a 580 mg/L NaCl
solution.[122] More Faradaic materials were later explored in this technology such as
Prussian blues,[123] Nag.712Co0; (NCO),[124] Nag7MnOz (NMO),[125] NaTi2(PO4)s (NTP),[126]
NazV2(POa4)s (NVP),[127] TiS2,[102] and MoS, [103].

2.6.5 Bi-electrolyte

For electrochemical water desalination techniques, one limiting parameter is that the water-
splitting voltage window and electrochemical water desalination operation beyond the
voltage window of 1.2V would be critical for long-term operations.[128] An organic
electrolyte can be applied to increase the ion storage ability and voltage window.[129] For

the desalination approach, a side-channel filled with organic propylene carbonate and a
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middle channel with brackish water separated by a polymer-based ion-exchange membrane
was first applied by Kim et al. (Figure 5C). The first electrochemical work on a bi-electrolyte
system has achieved a desalination capacity of 64 mg/g at an extended cell voltage of
2.4 V.[130] Based on this technique, the Faradaic desalination process is no longer limited to
cathode battery materials that fit the water splitting potential window. Anode materials with
much higher charge storage capacity can also be applied for Faradaic applications. Arnold et
al. applied alloying reaction type Sb as sodium uptake material soaked in 1 M NaClO4 in
EC/DMC + 5% FEC non-flow organic electrolyte, used a NASICON membrane to separate the
water and organic electrolyte phases, and used activated carbon cloth (ACC) as an anion
uptake material. This type of HCDI cell achieves an average desodiation capacity of
294 mgna/gsb With a charge efficiency of 74% at the voltage range of -2 V to +2 V in 600 mM
NaCl solution.[108]

2.6.6 Redox electrolyte

Compared to a capacitive deionization CDI system, one challenge for Faradaic deionization
(FDI) is the intrinsically low desalination rate due to the limited ion diffusion kinetics within
the solid electrode structures.[115] To enhance the system's desalination rate and have a
high desalination capacity, different redox electrolytes have been investigated. By applying
dissolved redox-active ions, the ions will be adsorbed on the electrode surface and have
charge transfer at the solid-liquid interface of the electrode when applied with an electrical
force field. The reaction kinetics for the redox electrolyte system is much faster due to the
short ion diffusion length at the surface of the electrodes and faster ion diffusion in the bulk
electrolyte compared with ion diffusion in the interstitial crystal structure in the solid phase
of the electrode.[131-133] Owing to their high charge storage capacity, high reaction kinetics,
and high cycling stabilities, redox electrolytes have attracted great attention in the energy
storage research field.[97-100, 134-137] For water treatment, the redox couples must be
carefully selected to avoid parasitic reactions and improve the cycling stabilities of different
systems.

As is shown in Figure 5D, By applying the bi-electrolyte desalination cell structure, redox
electrolytes can also be applied for water desalination studies. Lee et al. used activated
carbon cloth as electrodes, applied Nal as redox electrolytes, and separated feedwater via a

cation-exchange membrane (CEM). With an activated carbon counter electrode and an
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anion-exchange membrane, the cell has a desalination capacity of 69 mgnaci/gelectrode, Stable
performance for over 120 cycles, low energy consumption of 1.63 Wh/L, and a high water
production rate of 25L/m?h for seawater desalination.[131] For a redox electrolyte
application in a bi-electrolyte system, the permselectivity of the ion-exchange membranes is
very important in preventing water contamination that results in redox ion diffusion into the
feed water. In the later work from Lee et al., a NASICON membrane is applied. With
activated carbon electrodes and a 600 mM Nal non-flow redox electrolyte, the system has a
desalination capacity of 87 mgnaci/gelectrode, @ charge efficiency of 81%, and an observed

stable performance for more than 400 cycles.[138]

2.7 Other desalination technologies

Electrochemical desalination research has greatly shifted from capacitive materials to
Faradaic materials because the latter offer higher capacity, compatibility with high saline
concentrations, and the perspective for effective ion separation. Through this line of work,
the desalination capacity of these materials has been improved from around 10 mg/g to
more than 200 mg/g.[91] Due to the intrinsic limitation of the ion storage capacities of the
Capacitive/Faradiac materials, however, a discharge process is always required for electrode
recoveries. Furthermore, these ion storage materials for desalination applications require
high electrical energy input. To further improve the desalination performance of these
electrochemical desalination techniques, new types of desalination methods that apply
solar-redox or electrocatalysis reactions to drive desalination have been developed

(Figure 6).
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Figure 6: Structural development of desalination cells from bio-materials to

photoelectrocatalytic materials. A) Microbial desalination cell (MDC); B) photo-microbial
desalination (PMDC); C) photoelectrocatalytic desalination.

2.7.1 Microbial desalination

Since 2009, several studies have been applying bacteria as a current generator for water
desalination applications.[139] This type of cell is called a microbial desalination cell (MDC).
Inspired by the integration of microbial fuel cells (MFC) and electrodialysis (ED), water
desalination can be achieved using bacteria and organic matter instead of electrical energy
input or high water pressure energy input (Figure 6A). By applying an AEM adjacent to the
bacteria biofilm anode and a CEM adjacent to the cathode with K3Fe(CN)s as redox-active
catholyte, the ions in the saltwater of the middle channel will be transferred to the two
electrode chambers. This process is triggered by the current produced by the bacterias on
the anode side and the redox reaction on the cathode side and ultimately results in a full
desalinization process.[139] In this way, this technique can offer water desalination,
wastewater treatment, and electricity generation.[140] MDC reduces energy consumption
and greenhouse gases emissions compared to conventional processes since it involves direct
chemical energy usage from organic matter.[141] Later studies have reported improvements
in the MDC system performance, including improving materials designs,[142-144] cell

designs,[145, 146] and operating parameters [147].
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There are a performance limitations for the MDC system, namely the drastic change in
internal resistance during the desalination process, the long starting time, the low pH
variation tolerance of the bacterias on the biofilm, and limited potential that can be applied
to drive ion migrations that leads to low desalination efficiencies.[141] While most of the
works use small volume desalination (<300 mL), only a few works report a volume of over
1L.[148] For example, there exists a 100L pilot-scale MDC unit for seawater
desalination.[149] The MDC technique is thus regarded as a pretreatment alternative to

lower the desalination cost.

2.7.2 Solar energy-driven desalination cells

As a clean and most renewable energy, solar energy is of great interest for water
desalination research. In 2016, a bio-photoelectrochemical desalination cell was developed
by Liang et al. (Figure 6B).[150] Modified from the microbial desalination cell, it applies a-
Fe,03 as a photocatalyst at the anode side and achieves a salt removal rate of 96%.[150] This
type of cell is called a photo-microbial desalination cell (PMDC). Due to the high electron
transfer rate at the electrode/biofilm interface, it achieves a much higher current density
compared to the microbial desalination cell.

Later, Kim et al. reported a solar energy-driven photoelectrocatalytic (PEC) desalination
setup by placing both tailored TiO; nanorods and hydrogen-treated TNR array photoanodes
in the anode cell, Pt foils in the cathode cell, and flowing 170 mM NaCl saline water between
the cells (Figure 6C).[151] Due to the photocatalytic and electrodialysis reaction and at the
anode and cathode, Na* and Cl" are transported from the saline water chamber to the two
sides of electrodes. Urea at the anode cell was effectively decomposed to N; (80%), and H»
was produced from the water-splitting reaction with a faradaic efficiency of around 80%.
Due to the reduced charge transfer resistance, the system achieved a specific energy
consumption of 4.4 kWh/m3 for 50% desalination and an energy recovery rate of
0.8 kWh/m3. Chen et al. modified the cell by applying semiconductor-based photoelectric
conversion material and TEMPO redox electrolytes based on this cell design. A continuous
photo-excited desalination process with energy output is achieved by circulating the redox
electrolytes between the anode and cathode.[152] Ramalingam et al. reported integrating a
guasi-solid-state dye-synthesized solar cell (q-DSSC) and a redox-flow desalination (RFD) unit.

In this cell design, there is one photoelectrode as the anode, an intermediate electrode, and



22

a counter electrode. One side of the electrode facing the solar cell acts as the positive
electrode by applying a bifunctional platinized-graphite-paper electrode. In contrast, the
other side, which faces the redox-flow desalination cell, works as a negative electrode. This
system achieves a high salt removal rate of around 68 pug/cm?-min at an energy consumption

of 0.18 pumol/J.

2.7.3 Third generation: chemical energy-driven electrochemical desalination cells

Apart from solar energy, chemical energy can also be applied as an energy input for the
desalination approach. Compared with CDI and FDI, chemical energy-driven desalination
allows for concurrent electricity generation and desalination. By applying redox pairs such as
zinc-bromine,[153] zinc-ferricyanide,[154] zinc-oxygen,[155] hydrogen-oxygen,[156] and
acid-base[157] at both anode and cathode sides in a multi-channel desalination cell, a very
high desalination capacity, and desalination rate can be achieved.[158]

In 2018, a zink-ferricyanide hybrid flow battery for desalination and electrical energy supply
was reported by Desai et al.. This hybrid battery uses Zn as the anode electrode and graphite
as the cathode electrode. By applying agqueous 0.3 M ZnCl; and KiFe(CN)s (0.3 M) +
KsFe(CN)es (0.3 M) as anolyte and catholyte solutions, respectively, the ions in the feedwater
channel can migrate through a pair of AEM and CEM to the anolyte and catholyte. The
system can also operate at a high voltage output (Eo=1.25 V) and low energy consumption of
2.11 Wh/L for 85% salt removal and a desalination rate of 4.7 mol/m?h.

Khalla et al. reported a desalination cell with Zn and Br; as anode and cathode reactants,
ZnCly and NaBr as anolyte and catholyte materials, and a pair of AEM and CEM ion-exchange
membranes to separate the cathode and anode. During the cell operation, Zn is be oxidized
to Zn?* while Br; is converted to Brs™ and ultimately reduced to Br. Meanwhile, Na* and CI
from the middle water channel are transported to the catholyte and anolyte separately. This
cell type can desalinate a feed of around 30 g/L NaCl to near-zero concentration at a
2 mA/cm? extracted current. The energy output is 23.5 kWh/m?3 of desalinated water.[153]

In 2020, Srimuk et al. applied exfoliated MoS; as a cathode and 0.1 M NaCl as catholyte via
electrocatalytic oxygen reduction at the cathode and zinc oxidation in a 1 M ZnCl; anolyte
(Figure 7A). To balance the charge at the anolyte and catholyte, the ions in the feedwater

are transferred through the IEMs to the side channels. This type of zinc-air desalination
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battery has a desalination capacity of 0.9-1.0 mg/cm?, a charge efficiency of 70%, and an
energy consumption of 68-92 kJ/mol.[155]

The concept of acid-base neutralization-energy driven desalination was reported by Bhat et
al. This type of cell can spontaneously desalinate saline water and concurrently generate
electrical energy via a reversible H, redox reaction at the anode and cathode and with NaOH
and H;SO0s4 as the anolyte and catholyte, respectively. The desalination cell shows a high
desalination rate of 18.79 mmol/h-cm? and an energy consumption of 13.6 kJ/mol.[157]

As a clean and suitable renewable energy carrier, hydrogen has attracted great attention for
energy applications. In recent years, it has also become an emerging driven energy for
electrochemical water purification.[159] In 2019, Suss et al. has brought the concept of the
desalination fuel cell, by applying the chemical energy of hydrogen, oxygen, acid, and base
electrolyte, such a cell can desalinate water of 500 mM NacCl continuously and produce
electricity at the same time.[159, 160] Later, Zhang et al. proved a concept of applying
electrocatalytic reactions of H, and O; in pH-neutral electrolytes to desalinate water at
seawater molarity while also generating electrical energy (Figure 7B). The fuel cell
desalination (FCD) technique has achieved a desalination rate of 16-18 g/m?-h, a charge
efficiency of 68%, and an energy generation of 67 Wh/gnaci. Acid and base solutions also
accumulate at the anolyte and catholyte, which later can be mixed to generate thermal

energy.[156]

A) Metal-air desalination (MAD) B) Fuel Cell Desalination (FCD)
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Figure 7: Chemical energy-driven desalination cell structures adapted from literature.
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2.8 lon uptake mechanisms

2.8.1 Double layer in microporous carbon

Electric double-layer (EDL) forms when two conducting phases contact and meet at an
interface.[161] In the context of electrochemical water treatment, the EDL often forms at a
solid-solution interface. The double-layer models are often applied to visualize the ion

distribution at a charged surface (Figure 8).
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Figure 8: Basic electrical double layer models adapted from literature.[26, 162] A)

Classic Gouy-Chapman-Stern model. B) Modified Donnan model.

2.8.2 Classis double layer models: Planner models

The simplest model to approximate the EDL is the Helmholtz model,[162] which describes
that the surface charge at the solid phase is compensated by counter ions placed at a
distance d. This model hypothesizes a compact layer of opposite charges which do not
describe the ion diffusion phenomenon. In the Gouy-Chapman model,[162, 163] the counter
ions are not compactly held at the interface but rather diffuse into the liquid. The thickness
of the EDL is influenced by the kinetic energy of the ions, while the concentration of the
counter ions at the EDL follows the Boltzmann distribution. The Coulombic interaction
between the charges is also considered and expressed by the Poisson equation. Although it
is a better approximation, the Gouy-Chapman model describes ions as point charges and
does not consider physical limits for ions approaching the surface due to their finite sizes. As

a solution to this problem, Stern modified the Gouy-Chapman model by declaring that ions
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have finite sizes and cannot approach the surface closer than a finite distance §, which is
known as Stern layer (Figure 8A).[163] Within the Stern layer, the ions are specifically
adsorbed by the surface in the plane & (Helmholtz layer). The potential drop over the diffuse

layer is known as the zeta potential (V).

2.8.3 Donnan model and modified Donnan model

When a porous membrane with a fixed charge is in equilibrium in an electrolyte solution, an
electrical potential is established between a membrane and solution. Within a small volume,
such as a pore that has a cross-section of a few nm and is lined with charged walls, the ion
centration is different from the value outside of the pore. However, the ion concentration
inside the pore is independent of the position. The Donnan model is generally applied to
describe the ion concentration of inhomogeneously charged structures like gels and
membranes.[164] It is also suitable for the study of ion transportation through
membranes.[165]

For microporous carbon materials whose average pore size is smaller than 2 nm, the EDL at
the pore walls will strongly overlap due to the small pore size compared to the Debye
length.[166] The classical Gouy-Chapman-Stern model is thus no longer suitable to
approximate the charge distribution inside the pores and cannot be applied to describe ion
transportation.[167, 168]

In response, Biesheuvel et al. modified the classical Donnan model (Figure 8B) in two aspects:
1) introducing a Stern layer between the pore solution and carbon matrix, and 2) introducing
an additional chemical attraction force patwe for the ions to go from the macropores to the
micropores.[166]

In micropores, the concentration of cation and anions can be different from one another.
The concentration of ion j can be described by the following equation Eq. (5):[166]

Cimi = Cma - exp (—Zj - Mg + Hare) Eq. (5)
Where Cy,4 is the ion concentration in macropores, Z; is the charge number of the ions,
Z;=+1 for a Na cation, Z;=-1 for a Cl anion, 4¢, is the Donnan potential difference between
the intraparticle and interparticle space, and p, is the attractive contribution to the ion
chemical potential for ion transportation from macropores to the micropores.

In this modified Donnan model, the micropore charges are related to the potential drop

within the Stern layer (Eq. (6)).
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Cohargemi " Mpmi = — =+ AdpsCs Eq. (6)
where hy, ,; is the volume/area ratio of the micropores,[164] Vris the thermal potential, F is
the Faraday constant, A¢g; is the potential drop within the Stern layer, and Cs; is the Stern
capacitance.

In CDI studies, the cell potential contributes to Donnan and Stern potentials (4¢,; and A¢g;)
when a voltage V.. is applied between the two electrodes, and the process is at an
equilibrium state without ion transport. The cell voltage divided by two equals the voltage

drop across each EDL in each electrode (Eq. (7)).

Vce
—ZV” =Apy + A, Eq.. (7)
T

The modified Donnan model describes the ion distribution in the micropores which also
represents the interior volume of the carbon particles. By including the Stern layer at the
pore walls and considering the attractive force for the ion transport from macropores to
micropores, this model is more suitable to describe and analyze the ion distribution and

transportation in the microporous carbons.[164]



27

2.8.4 lonic strength influence on permselectivity

In the CDI process, when the porous materials such as activated carbon electrodes are
placed in an aqueous solution with no applied electrical potential, the pores of the materials
are filled with an aqueous electrolyte with both anions and cations. Cations and anions will
be transported to the pores of negative and positive electrodes separately under an applied
cell voltage if a potential difference is applied between the electrodes during the charge and
discharge processes. Meanwhile, the co-ions will be ejected from the electrode pores and
returned to the bulk solution. This phenomenon is called the non-permselective ion
exchange.[90, 92, 169] Due to the co-ion expulsion from the material pores to the feedwater
at both electrode-feedwater interfaces, there will be less salt uptake and a lower charge

efficiency for the CDI system under certain energy consumption (Figure 9A,B,C).
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The charge efficiency of the CDI process is calculated using Eq. (8).

__ FXDCpp;
Mq1exQ

X 100% Eq. (8)
Where F is the Faraday constant, DC,,,; is the molar desalination capacity, Mg, is the
molar mass of the salt that is removed, and Q is the total charge normalized to the electrode
mass during the charge/discharge processes.

The desalination capacity is calculated by applying Eq. (9).
DC = (v M) [(ct — cp)dt, Eq. (9)
Mot

Where v is the flow rate, M;,; is the electrode mass, and c¢; and c, are feedwater
concentration at time t and the initial starting point, respectively.

During the ion swapping process, the charge stored in the electrode materials will not fully
contribute to the ion removal process due to co-ions ejecting from the pores. This results in
a low charge efficiency. In an electrolyte with high ionic strength (higher than seawater level),
there will be more ion pairs in the pores when the cell voltage is not applied to the cell.
When the cell is undergoing a charging process, there will be more co-ion rejection from the
pores, which results in a 1:1 counter-ion and co-ion exchange (Figure 9C).[52, 170] In this
case, the porous material fails to remove salt from the feed water, and the charge efficiency
will be zero. This implies that the CDI technique is only suitable for desalinating water at low

concentrations (<100 mM) and will fail when the concentration increases.

2.8.5 Pore size effect on ion permselectivity

In 2006, Raymundo-Pifiero et al. showed that from an energy storage point of view, an
adequate pore size of carbon is more important than specific surface area.[50] In the same
year, Chmiola et al. described a capacitance increase at pore sizes below 1 nm.[51] In their
work, this phenomenon is explained by solvation shell distortion or partial desolvation. The
screening effect of the in-pore ions allows for an increased number of ions stored in pores
smaller than 1 nm. A higher ion storage capacitance is thus obtained. [169, 171, 172]
Similarly, an increased desalination performance is also observed in a highly concentrated
solution (seawater level) when carbon materials with an average pore size less than 1 nm are

applied.[52]
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Figure 10: Schematics figure of ion electrosorption mechanisms during the desalination

process for carbon pores with different sizes in solutions of high ionic strength. [85]Adapted
from literature.[85] A) ion uptake in the pore width of 0.6 nm. B) ion uptake in the pore

width of 0.9 nm. C) ion uptake in pore widths larger than 1 nm.[85]

In Figurel0 A, the ions cannot enter the pore freely if the carbon pore size is smaller than
the hydrated ion size due to the dehydration energy barriers and the larger solvated ions.
When a potential difference exceeding the ion desolvation energy barriers is applied, the
ions can only be partially desolvated, transferred, and adsorbed in the middle of the pores.
The initial state where no ions can enter the pore when no electrical potential is applied (PZC)
is an ionophobic one. Due to this phenomenon, there is mostly counter-ion adsorption
without co-ion expulsion when the electrical potential is applied. In this case, an increased
desalination capacity and charge efficiency can be obtained by using carbon materials with
an average pore size smaller than the hydrated ion sizes.[52] This phenomenon shows that
carbon has promising potential for the seawater CDI approach as long as the pore size and

pore structure of the carbon materials are carefully designed in the sub-nanometer range.
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If the pore size increases, but remains below 1 nm (Figurel0 B), there may exist a few ions
inside of the pores due to their ionophobicity. If the pore is charged, the counter-ions will be
electroadsorbed in the pores while the co-ions stored during the PZC state will be expelled
from the pore to the feedwater. This process leads to a decreased charge efficiency and
limited desalination capacity.

If the pore size exceeds 1 nm (Figurel0 C), there will be more ion exchange during the
charging process as more and more ions can be initially present in the pores. This will
eventually lead to an almost 1:1 cation to anion exchange ratio. If using carbon materials
with such a large average pore size, the CDI process would fail to desalinate water at
seawater-level ionic strength.[55] At the same time, the ability to store charge remain
unimpeded, so that highly concentrated saline media present a suitable electrolyte for
supercapcaitors.

Figure 11A-B show the pore size dependence of desalination performance and in-pore ion
species. From 0.47 nm to 0.77 nm, the desalination capacity rises and reaches the maximum.
As the pore size increases further, the desalination capacity suddenly decreases sharply. At
pore sizes larger than 1.37 nm, the desalination capacity then decreases to around 3 mg/cm?3.
The charge efficiency is almost 100% at pore sizes of around 0.47 nm and decreases sharply
as the pore size expands. As the pore size nears 3 nm, the charge efficiency stabilizes at
around 11%.[85]

When the pore size is smaller than 0.6 nm, there are no ions in the pore at the PZC. In this
way, the ion uptake when the cell is charged at 1 V is mostly due to counter-ion adsorption.
As the pore size increases, the in-pore salt concentration increases dramatically while the in-
pore co-ion concentration keeps increasing. As there is more and more co-ion desorption
from the pore when the pore size increases larger than 1 nm, the desalination capacity will
drop. Besides, an optimum charge storage capacity is observed at the pore size of 0.77 nm,
and it decreases as the pore size increases due to the lower co-ion number at smaller pore
sizes. This phenomenon should also be considered when explaining the capacitance increase

in smaller pores.
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Time-dependent ion concentration evolution of ions with error bars, adapted

from literature.[85] A) Calculated (value with error bars) in-pore Na* uptake and

ClI release concentration, the salt concentration at the potential of zero charge,

net charge concentration, and salt uptake concentration. B) Calculated

desalination capacities and charge efficiencies in pores of different sizes C) Na*

and anions CI in pores of sub-nanometer sizes. D) Na* and CI" in pores from

1nmto 3 nm.
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2.8.6 Pore size effect on ion selectivity

The ion selectivity of the CDI system must be studied if the solution contains multiple cations
and anions and if some ions species have higher priority for removal. Zhao et al. noticed that
during the charging/discharging process of a CDI cell, the initially removed sodium ions are
gradually replaced by calcium ions.[173] Dykstra et al. also reported that there is an ion
uptake difference between the two kinds of ions due to the kinetic diffusion difference of
sodium and potassium ions.[174] Suss et al. applied a theoretical study and concluded that
there is an obvious pore size/ion size influence on ion adsorption preference at the
equilibrium state.[175] Hou et al. demonstrated that in the mixed-ion electrolyte, there is
ion preference depending on ion size and ion charge. While divalent cations are preferred to
be adsorbed in the pores due to the high valence, smaller cations are also preferred to be
adsorbed first due to the higher mobility in the pores.[176] According to a recent study, an
ion dehydration energy barrier influences the ion selectivity in the nanoporous
electrodes.[177]

An ion sieving effect is observed when the average size of the carbon pores is 0.6 nm. This
ion sieving happens when the pore size is too small for some ions in the electrolyte.[178-180]
Thus, while some ions species can be adsorbed in the carbon pores, some larger ions cannot
enter the pore due to the larger size and higher dehydration energy barriers. For example,
Hawks et al. applied carbon material with a subnanometer pore size (0.68 nm) and achieved
nitrate removal from a mixed multi-anion solution.[181] There exist other approaches to
enhance the ion selectivity in the multi-ion system, namely the application of IEM or ion-
selective coatings,[87, 89, 182-185], and chemical modifications of carbon materials [186-
189]. However, in such approaches, the material adaptations will add extra cost and

synthesis steps, which is undesirable for CDI application in the ion separation approach.
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The mechanism of selective ion removal under different carbon pore sizes was studied by
Zhang et al.[190] Figure 12A,C shows the inability of divalent cations to dehydrate and enter
the pore if the pore size is smaller than some of the hydrated ions such as Ca?* and Mg?* and
if the dehydration energy barrier is higher than the applied potential. This would lead to a
much smaller capacitance at the negative potential during the CV measurements compared
to that under a positive potential (TypPe B). As the hydrated ions such as Ni?* become smaller,
the CV displays an asymmetric profile (Type C), which is related to ion dehydration
adsorption.[191] As the hydrated ion size becomes smaller, a rectangular CV shape is
observed, and the capacitance at both the positive and negative potentials are similar (Type
A). If the applied electrical potential overcomes the ion dehydration energy barrier, the ions
begin to desolvate and enter the pores, which triggers an increased capacitance. In the
mixed-ion system, the bigger divalent cations will not be adsorbed in the pores due to this

sieving effect. Partially dehydrated Ni?*, on the other hand, can absorb in the pores but has
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slower kinetics than the monovalent cations. As a result, as shown Figure 12B, the
monovalent cations with smaller sizes are at the highest selectivity due to their small size
and higher mobility inside of the pores.

If the pore size becomes so large that all ions can absorb in the pores and render the sieving
effect negligible, divalent cations become preferred over the monovalent cations under the
applied potential due to the higher charge number that creates a stronger electric force field
compared to the monovalent cations. Among all divalent cations, the ion selectivity follows
the size effect. In this case, the ion selectivity is influenced by the size effect and charge
effect.

In conclusion, ion selectivity in a mixed-ion system is a combined effect of size, dehydration
energy, charge number, and electrical force. Therefore, careful design of both the materials

and the experimental parameters is essential for proper ion removal from a multi-ion system.

2.8.8. lon diffusion influence on the potential window and desalination performance
During the electrochemical process of the CDI operation, redox reactions can also be
triggered at the electrode surface in contact with the aqueous electrolyte. If the applied cell
voltage exceeds 1.23 V, water-splitting occurs.[192] The positive electrode will consequently
experience electrode oxidation and an oxygen evolution reaction (OER), while the negative
electrode will experience a hydrogen evolution reaction (HER). Due to these irreversible
redox reactions, the Coulombic efficiency and the charge efficiency will diminish. The
electrode materials will also suffer from structural change and degradation due to the water-
splitting reactions. In a pH-neutral media, the reaction equations of HER and OER are listed
in Eq. (10) and Eq. (11).

Cathode: 2H,0(l) + 2e~ — H,(g) + 20H (aq) Eq. (10)
Anode: 2H,0(l) - 0,(g) + 4H*(aq) + 4e~ Eq. (11)
We shall use the HER reaction as an example. The electrochemical overpotential can be

determined based on the Nernst equation Egq. (12).

RT
Eyer = E(OHZ/H+) - ?ln (ay+/\/au,) Eq. (12)
while Eygrrepresents the potential in deriving the HER reaction, EE)HZ/H*') signifies the

standard potential of the Hy/H* redox couple, R is the gas constant, F is the Faraday

constant, and ay+ and ay, are the reactivities of the species. Eygg should be constant at
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standard temperature. To generate current from the HER reaction, a higher potential must
be applied (Eq. (13)).
Ei=Eygg +iR+ 1 Eq. (13)
where iR is the Ohmic drop in the cell and 7 is the reaction overpotential.

The current generated from the HER reaction can be expressed in the Butler-Volmer

equation, as shown in Eq. (14).

(1-a)nF

J=Jo {— exp (—%Fn) +exp

RT

)

Eq. (14)

Where j, is the exchange current density, a is the charge transfer coefficient, and n is the

charge number. If 1 is larger than 50 mV, the overpotential can be expressed as in Eq. (15).

n=a+b-logj=

where b is the Tafel slope that can evaluate the reaction rate at a certain overpotential.

2.
anF

T logj, +

2.3RT
anF

logj

Eq. (15)
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In pores with subnanometer size, there is higher resistance towards ion transport due to the
strong ionophobicity and small pore size. Moreover, the mass transport in the
subnanometer pores is also slower. A higher overpotential is thus required to observe the
HER reaction for carbon materials with an average pore size smaller than 1 nm. In the
nanoconfinement, the water molecules are suppressed to form gaseous dihydrogen
molecules,[195] and hydrogen electrochemisorption is observed.[193] For carbon materials
with subnanometer average pore sizes (Figure 13A), the anodic stable potential can reach -
1.3 V vs. Ag/AgCl. In comparison, the CNT electrode has a negative potential limit of only up
to -0.8 V, which exhibits the high potential for energy storage of sub-nanoconfinement in the
aqueous media.[193]

When choosing carbon as an electrode material for CDI, smaller average pore sizes and
higher specific surface areas will help to improve the charge efficiency[52] and expand the
operation cell voltage.[193] However, the ion diffusion kinetics of the carbon material must
also be considered. In the field of energy storage, there have been some studies about the
effects of electrode density on battery rate performances.[193, 196] Materials with only
subnanometer pores will suppress the ion transport and decrease the desalination rate. In
2013, Porada et al. concluded that there is a strong correlation between electrode packing
density and desalination rate.[30] Recently, Shen et al. applied MXene material at different
particle sizes and demonstrated that the presence of the smaller particles will help to
improve the electrochemical and desalination performance.[197]

As shown by Zhang et al., one microporous carbon with different average particle sizes was
applied to study the ion transport in the confinement of an electrode undergoing an
electrochemical desalination process by applying different concentrations of NaCl solutions
(Figure 13B). This work revealed that two factors can influence desalination performances:
interparticle ion transportation and intraparticle ion diffusion. The former can be limited by
compact packing of the electrodes (e.g., selecting smaller particles for electrode preparation,
denser packing). The latter can be limited by factors such as larger particle size and smaller

pores sizes.[194]
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2.9. Electrocatalytic reactions for desalination

As a clean, light, and carbon-free energy carrier, hydrogen allows the storage of renewable
energy from wind, solar, or hydropower via power-to-gas.[198] Hydrogen can be stored and
further converted to electrical energy via hydrogen fuel cells, which is an emerging
application for fuel-cell electric vehicles (FCEVs).[199] Among all kinds of fuel cells, polymer
electrolyte membrane fuel cells (PEMFC) are suitable for portable devices.[200] A PEMFC
applies a proton-conducting polymer as the electrolyte (PEM) between the two electrodes
(Figure 14). The combination of the anode catalyst layer (ACL), membrane, and cathode
catalyst layer (CCL) is called a membrane-electrode assembly (MEA). The contact layers
between the MEA and the gas flow plates are porous and electrically conductive gas
diffusion layers (GDL), which are commonly made of activated carbon.

In commercial PEMFCs, the anodic and cathodic reactions are all catalyzed by Pt metal. The
theoretical voltage derived from a hydrogen PEMFC is 1.23 V. The electrode reactions are

shown in Eq. (16-18).

Anode (HOR): H,(g) — 2H*(aq) + 2e~ Eq. (16)
Cathode (ORR): %OZ(g) + 2H*(aq) + 2e~ - H,0(]) Eq. (17)
Overall: H,(g) + %OZ(g) - H,0 Eq. (18)

GDL GDL

Figure 14: Schematic figure of fuel cell structure including membrane-electrode

assembly (MEA) and gas diffusion layer (GDL).
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The desalination fuel cell is modified based on the hydrogen PEMFC. Instead of a proton-
exchange membrane, a pair of AEMs and CEMs is applied with feedwater flowing in-
between. An anolyte and catholyte also flow between the electrodes and the ion exchange
membranes to form acid and base solutions separately.

The reaction mechanism of the desalination fuel cell is expressed by Eq. (19-21).[156]

Anode (HOR):H,(g) — 2H*(aq) + 2e~ Eq. (19)
Cathode (ORR): 5 0,(g) + H,0(l) + 2¢~ — 20H™ (aq) Eq. (20)
At the anolyte and catholyte sides, H* and OH™ are formed. To balance the charge and make
the electrolyte electrical neutral, CI"and Na* are transported through the AEM and CEM. As a

result, HCl and NaOH form at the anolyte and catholyte as the feedwater is desalinated.

2.10. Comparison of different electrochemical desalination technologies

Among the different electrochemical desalination techniques in Figure 15, the first
generation focuses on applying capacitive materials such as microporous carbon materials
which have a desalination capacity ranging from 1 mg/g to 64 mg/g depending on the cell
structure and operating parameters.[66, 91, 130] In the case of seawater, a desalination
capacity of more than 25 mg/g can also be obtained for MCDI.[55] Due to the limited
desalination capacity and charge efficiency for activated carbon materials, higher energy
consumption can be obtained especially in high concentrations of feedwater compared with
the other generations. Nanoporous carbon materials with subnanometer average pore sizes
can be applied for seawater desalination.[201, 202] In addition a better material design with
higher pore volume and better pore connection must be developed to increase the
desalination performances of nanoporous carbon materials.

Second-generation electrochemical desalination (desalination batteries) is based on Faradaic
materials to increase the intrinsic ion storage capacity and prevent the non-permselective
ion processes. Since a variety of Faradaic materials have been applied, a desalination
capacity of more than 100 mg/g can be achieved with a moderate energy consumption of
less than 20 Wh/mol in seawater molar strength. Compared to CDI, the second-generation
techniques are more energy-efficient when the concentration of the solution is higher,
which makes them more competitive for seawater desalination compared with first-

generation techniques.
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energy to

desalinate water without requiring electrical energy during the ion removal process. Rather,

they transfer the chemical energy of the reactants into electrical energy and other forms of

energy. As the reactants are consumed at the electrodes via electrocatalytic reactions, the

desalination process becomes continuous. In this case, an unlimited desalination capacity is

achieved. Due to the spontaneous reactions at the catalysts with proper cell parameter

design, the desalination rate of the third generation technology is also the highest among all

generations. These advantages have shown great potential to develop more economical and

environmentally-friendly  third-generation

desalination applications.
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3. Approach and overview

Among all electrochemical desalination technologies, capacitive deionization (CDI) was
developed in the 1960s. As more and more theoretical and experimental studies have
discovered the mechanisms of this process, many studies have focused on the structural and
chemical design of carbon materials to achieve high specific surface area and capacitance.
However, carbon materials have developed a stereotype that they are unsuitable for high
concentration applications such as seawater desalination due to the co-ion ejection and the
1:1 cation and anion exchange process. Therefore, recent studies focus on Faradaic (battery)
material application in desalination research due to the high specific capacity and intrinsic
permselectivity in highly concentrated solutions. However, most of the battery materials are
less cost-effective than carbon, and many of them suffer from low reversibility and cycling
instabilities due to the high potential sensible properties. To address these issues, we must
revisit the possibilities of CDI application in seawater ionic strength and further study

electrocatalytic desalination technology.

First segment: pore size effect on ion
transportation and selectivity
++ Potential window
< lon permselectivity

++ Desalination performance

+ lon selectivity

Second segment: Approaches to enhance the
desalination performance

“ MCDI

“* MXene application

++ Adjust particle size

Third segment: Third generation of electrochemical
desalination technology

- - +
+* Fuel cell desalination HOH  —— +0,
+2H,0
++ The third generation of :atlgz +de
*Mo!

electrochemical water treatment .
v'Electrocatalytic

Figure 15: Overview of the three main segments of this dissertation. The carbon model

in the first segment is adapted from literature.[190]
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My Ph.D. work is separated into three segments (Figure 15): pore size effect on ion
transportation and selectivity (first segment), ways to enhance the desalination
performance (second segment), and third-generation electrochemical desalination (third
segment).

In the first segment, we study the pore size and solvent influence on voltage window and
cycling stability of the electrochemisorption processes of hydrogen and deuterium
(Chapter 4.1). By applying carbon material with subnanometer pore size, an extended
reversible voltage window (-1.3V to -1.4V vs. Ag/AgCl) is observed. In comparison,
mesoporous carbon nanotubes (CNT) show a voltage window of -0.8 V to +0.9 V vs. Ag/AgCl.
Due to the smaller pore sizes, the sub-nanoconfinement of carbon results in a higher ion
diffusion resistance and hinders ion transportation in the pores. Higher voltage windows
without gas evolution are consequently obtained. When 1 M NaCl dissolved in H,0 and D0
is used as an electrolyte, the lower ion mobility and reactivity of the D,0 system will increase
the kinetic limitations on the deuterium storage in the pores compared to that of hydrogen
storage.

In Chapter 4.2 and Chapter 4.3, we revisited the co-ion and counter-ion exchange
phenomenon. We discovered a method to prevent this effect and thereby improve the
desalination performance of carbon materials by applying ultramicroporous carbon
materials with subnanometer average pore size. In Chapter 4.2, an increased charge
efficiency and desalination capacity are achieved by combining molecular dynamics
simulation and desalination experiments. When small carbon pores are not charged, there
will be no ions initially contained due to the dehydration energy barriers. However, ions
must desolvate before entering the pores during the charging process. This leads to a
permselective ion uptake process where charge stored in the carbon material contributes to
counter-ion removal rather than co-ion expulsion. In Chapter 4.3, by applying carbon
materials with an average pore size of around 0.6 nm, a desalination capacity of 12 mg/g, a
charge efficiency of 94%, and a 97% charge efficiency retention (200 cycles) are obtained in
600 mM NaCl solution. The molecular dynamic simulation predicts the desalination
performances of pores of different sizes. By applying the interpolation method, gas sorption
analysis data can be applied to predict the desalination performance of ultramicroporous

carbon material in seawater level ionic strength.
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In Chapter 4.4, the ion selectivity properties of such material types are studied. An ion
sieving effect is observed by using ultramicroporous carbon with an average pore size of
around 0.6 nm. Due to the small pore size, some divalent cations such as Mg?* and Ca®* with
larger hydrated ion sizes cannot enter the pores even under the applied cell voltage (1 V).
Other cations can enter the pores, but those with smaller hydrated sizes are preferred. As
the pore size become bigger than the hydrated ion sizes, all studied of cations can be
adsorbed in the pores. On the contrary, cations with higher valence numbers will be
preferred to enter the pores due to stronger electric interactions.

From the first segment of my Ph.D. research, | had a glimpse of the ion

In the second segment, my research focussed on methods to improve the CDI desalination
performance. In Chapter 4.5, | have studied the ion transport mechanism in MCDI and
possible applications in seawater ionic strength to improve the desalination performance of
first-generation electrochemical desalination technologies. When comparing the
desalination performance of MCDI cells with free-standing IEM and IEM coatings on the
electrodes, a higher desalination performance was achieved by applying free-standing IEMs
in 600 MM NaCl. In comparison, IEMs coatings have higher desalination performance in
20 mM NacCl. This behavior can be explained by the difference in ion permselectivity of the
IEMs and the water channel behind them. Another way to improve the electrode ion
permselectivity is to apply MXene materials. In Chapter 4.6, we choose Ti3C;Tx-MXene
paired with activated carbon through proper mass balancing to adjust the potential windows
of the materials. The corresponding desalination cell exhibits permselective ion removal
ability in 600 mM NaCl solution. A desalination performance of 8-12 mg/g (desalination
capacity) and 85% (charge efficiency) are also achieved.

In Chapter 4.7, we studied activated carbon material of different average particle sizes. We
reveal two factors that influence desalination performance by separating the material into
large and small particle size distributions and testing the desalination performances. One
factor is the intraparticle ion diffusion which can be limited by large particle size (longer ion
diffusion length) and small pore size. The other factor is interparticle ion diffusion, limited by
smaller average particle sizes and higher packing densities. The two limiting factors can be
balanced by mixing particles with different sizes, and a higher desalination capacity can be

achieved.
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The third segment was motivated by the fact that all materials geared towards ion storage
will be limited by the intrinsic specific capacity and mandate charge/discharge cycling. In
Chapter 4.8, we studied the electrocatalytic approach of fuel cell desalination (FCD). By
utilizing the chemical energy from H; and O, the desalination fuel cell can continuously
remove ions from the feedwater (600 mM NaCl) while also generating electricity, acid
solution, and base solution from the cell. Desalination rates of 18 g/m?/h and 16 g/m?/h
were observed in 600 mM NaCl and substitute ocean water, respectively. In Chapter 4.9, a
review article on the development of electrochemical water desalination technologies is
provided. Based on the different working principles, the technologies are classified into
three generations. In Chapter 4.10, a review article on the development of hydrogen energy-
driven electrochemical water desalination studies is introduced, as an emerging clean energy

source, hydrogen has high potential for sustainable desalination adaptations in the future.
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In nanoconfinement, the reversible electrochemisorption of hydrogen extends the voltage window of aqueous electrolytes. This
process has been well studied for different aqueous electrolytes but not compared to the performance of heavy water. Herein, we
study hydrogen and deuterium electrosorption on a porous carbon electrode under negative polarization using sodium chloride as
the salt. As electrodes, we use microporous carbons with an average pore size in the sub-nanometer range and, for comparison,
mesoporous carbon nanotube bucky paper. We show that the hydrogen electrochemisorption and gas evolution processes are more
pronounced than for deuterium while the same potential is applied. Our data confirm lower ion mobility of D,O compared to H,O,
and a shift of the reversible charging and discharging process toward more negative potentials.
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The effective and sustainable use of renewable energy critically
requires the further advancement of electrochemical storage systems
like batteries, supercapacitors, and hybrid technologies.! Batteries em-
ploy reversible charge transfer reactions, such as lithium intercala-
tion/deintercalation, to store and recover energy with high capacity.?
Compared to batteries, faster charge/discharge rates are enabled when
using electrical double-layer capacitors, but at the expense of signifi-
cantly decreased energy storage capacity.> Beyond ion electrosorption,
the confinement of water molecules in carbon nanopores suppresses
the evolution of gaseous di-hydrogen; the reversible electrochemical
reduction/oxidation of such weakly chemisorbed hydrogen (H,, Eq. 1)
can significantly enhance the energy storage capacity.*

C+H,0+e < C—-H,+0OH" [1]

For years, the reversible electrochemisorption of hydrogen on
porous carbon electrode materials has been studied for aqueous
electrolytes.* Initially, reversible hydrogen electrochemisorption was
explored for carbon nanotubes electrodes.® Later works showed the
promising performance of microporous carbon materials with pores
smaller than 1 nm.”® The electrochemisorption of hydrogen is also in-
fluenced by functional groups on carbon surfaces. For example, Gao
et al. introduced oxygen functional groups using 35 mass% H,O, to
activated carbon in symmetric carbon/carbon capacitor and accom-
plished a cell voltage of 1.9 V with cycle life over 10,000 cycles
and capacitance of 100 F/g in aqueous 2 M Li,SO,.” These works
also explain the ability of electrical double-layer capacitors based on
aqueous electrolytes to operate beyond the theoretical decomposition
of water (1.23 V). At even higher voltages, the evolution of molec-
ular di-hydrogen gas will start, which leads to a measurable increase
in pressure inside the cell, performance degradation, and ultimately
cell failure.*'? Yet, the larger cell voltage window and the additional
charge associated with reversible hydrogen electrochemisorption re-
main highly attractive for the rational design of electrical double-layer
capacitors with enhancing energy storage capacity.*!!

To extend the cell operating voltage and improve hydrogen elec-
trosorption, the type of ions in the electrolyte must also be considered
in addition to the pore size of carbon material and the type of functional
groups.'>!3 For example, Ratajczak et al. added sodium molybdate to
aqueous 1 M Li, SO, for operation at a cell voltage of 1.5 V.'* In another
work, Fic et al. demonstrated the influence of the pH on the applica-
ble potential window; the cell voltage window was extended to 1.5 V

“E-mail: volker.presser @leibniz-inm.de

by introducing 1 M KI neutral electrolyte to the positive electrode
and 6 M KOH alkaline electrolyte to the negative electrode.'®> This
configuration was evaluated over 16,000 cycles, yielding a specific
energy of 17 Wh/g.!> However, halide ions may also block the active
reaction sites needed for the electrochemisorption of hydrogen.!3!
By use of aqueous 5 M LiNOs for the positive electrode, Fic et al.
maintained a stable performance at a cell voltage of 2.1 V by retaining
almost 100 F/g after 25,000 cycles at 1 A/g."> He et al. reported that
aqueous Li, SO, with higher salt concentration can help to enhance
the Coulombic efficiency and reduce the amount of volatile side reac-
tion products (e.g., CO, CO,, and H,) caused by carbon oxidation and
water electrolysis.!'

While the state-of-the-art understanding of hydrogen electro-
chemisorption has matured, this is not the case for the correspond-
ing processes of deuterium. So far, the use of heavy water (D,0)
was limited only to in situ experiments with conventional electrical
double-layer capacitor topics using neutron scattering'” or electro-
chemical quartz-crystal microbalance measurements.'® The former
capitalizes on the severely reduced diffuse scattering of D,O com-
pared to H,O. The latter benefits from the mass difference of the H,O
and D,0 molecules for gravimetric analysis of the electrosorption
processes. These works showed a slightly enhanced specific capac-
itance, possibly per the closer proximity of ions electrosorbed onto
carbon in heavy water.!” Thermodynamically, heavy water (D,0) is
known to be less reactive than normal water (H,0), which may enable
a larger useable stable (reversible) voltage window for electrochemi-
cal applications.'>* The high costs of heavy water prohibit their large
scale implementation on a technical level; yet, the study of deuterium
electrochemisorption and the comparison with hydrogen is an impor-
tant task for the basic understanding of interfacial electrochemistry
and the effect of nanoconfinement, especially in the context of elec-
trochemisorption of hydrogen vs. deuterium.

To explore deuterium electrochemisorption and compare with hy-
drogen, we used electrodes of microporous activated carbon cloth with
different average pore sizes (0.59 nm, 0.68 nm, and 0.96 nm, namely,
ACC-10, ACC-15, and ACC-20) and mesoporous multiwalled carbon
nanotubes with an average pore size of about 10 nm. The porosity anal-
ysis was accomplished by argon gas sorption. Employing water (H,O)
or heavy water (D,0) as the solvent, we explored hydrogen or deu-
terium electrochemisorption in 1 M NaCl. We chose sodium chloride
as the salt because of the neutral pH and pD value and its importance in
the field of electrochemical water desalination.”!??> Qur investigation
was carried out by electrochemical benchmarking, S-value analysis,
galvanostatic measurements, and electrochemical impedance analysis.
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Experimental

Materials and material characterization.—Commercially avail-
able microporous activated carbon cloth Kynol-5092-10, Kynol-5092-
15, Kynol-507-20, and carbon nanotubes (CNTs) with thicknesses of
650 wm, 450 wm, 250 wm, and 100 pm, respectively, were cut into
discs with a diameter of 12 mm and used as the working electrode for
half-cell measurement. The multiwalled CNTs (type NC7000) were
purchased from NANOCYL. The three kinds of carbon cloth are la-
beled ACC-10, ACC-15, and ACC-20, according to the degree of acti-
vation. We used an oversized, 650 wm thick activated carbon electrode
(YP-80F, Kuraray) mixed with 5 mass% polytetrafluoroethylene as the
counter electrode (12 mm in diameter) and a glass fiber mat (GF/A,
Whatman) with a diameter of 13 mm as the separator.”3

Argon gas sorption analyses (GSA) were conducted by Quadrasorb
1Q system at —186°C as controlled by a heated cryostat filled with lig-
uid nitrogen. All carbon samples were degassed under 200°C for 1 h
and heated to 300°C for 20 h to remove surface functional groups.
The calculated pore size distributions assume slit-shaped pores using
quenched solid density functional theory (QSDFT); this model was
found to be a good representation of the pore structure of microp-
orous carbons.?*? The average pore size corresponds to the ds, value,
which is the pore size that cumulatively encompasses half of the max-
imum pore volume. The BET specific surface area values were calcu-
lated within the linear pressure range of 0.05-0.3 to meet the linearity
requirements.?%?’

CHNS-O measurements were conducted to obtain information
about the elemental composition. The H, C, N content was analyzed by
using a MICRO Cube (Elementar Analysensysteme GmbH) and ap-
plying 1150°C at the combustion tube and 850°C at the reduction tube.
The O content was quantified with an OXZ cube elemental analyzer
(Elementar Analysensysteme GmbH) with a pyrolysis temperature of
1450°C.

Thermogravimetric analysis (TGA) was carried out with a Netzsch
TG-209 system in synthetic air by heating from 25°C to 1000°C at a
rate of 5 K/min. Before each measurement, the empty alumina cru-
cible was measured using the same condition to provide a background
dataset for the measurements with carbon.

Electrochemical measurements.—To determine the electrochem-
ical stability values (S-value),”®?° we used a three-electrode half-cell
setup with an Ag/AgCl reference electrode (3 M NaCl) in 1 M NaCl
dissolved either in H,O or D,O. S-value test was carried out with
VSP300 potentiostat/galvanostat from Bio-Logic, and the schematic
setup of our electrochemical cells can be found in Ref. 30. In short,
our cells have a body made of polyether ether ketone, and two tita-
nium pistons (one of them is spring-loaded) to contact the working
and counter electrode. At the plane between the two electrodes, at
the height of the separator, there is a cell-opening to accommodate a
reference electrode. The electrolyte was vacuum back-filled into the
chamber to ensure complete immersion.

According to Xu et al.,” the S-value for negative potential window
opening is calculated by applying the following equation Eq. 2:

_ Qneg

me'
where the charges Oy, and Oy, are calculated by integrating the pos-
itive and negative current from one cycle, respectively.

The specific capacity (mAh) is calculated from cyclic voltammetry
is calculated via Eq. 3:

S
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where the current i is integrated over the interval 7, and M is the mass
of the working electrode.

The electrochemical window opening started from 0.2 Vto O V vs.
Ag/AgCl for 5 cycles; then, the cathodic cutoff potential was increased
with 50 mV steps expanding toward —2 V vs. Ag/AgCl, at each poten-
tial step, 4 cycles are conducted. For S-value calculation, the data at the
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4™ cycle is selected so that the electrode is well-conditioned at every
vertex potential. A d>S/dU? value of 0.05 was proposed by Weingarth
et al.?® for identifying the onset potential of parasitic faradaic reac-
tions in electrochemically inert electrolytes, such as ionic liquids. In
our case, however, we do not transition from electrostatic to electro-
static and faradaic charge transfer regimes but explore the reversibility
of the faradaic process of electrochemisorption of hydrogen or deu-
terium. Therefore, we do not use a certain threshold value for the
S-value but analyze the voltage-dependency and differences between
DzO and HzO

To understand the pore size and solvent influence of the long-term
stability at equilibrium state in an electrochemical half-cell, floating
tests are conducted. The potential is set from —1.4 V to +0.2 V (for
ACCs) and —1.2 V to +0.2 V (for CNT) with a specific current of
0.1 A/g for three cycles followed by a potential holding at a low po-
tential process for 10 h. By plotting the capacity values at each cycle
after potential holding, we can see the stability change of different
materials at different solvent systems.

Electrochemical impedance spectroscopy (EIS) is used to explore
the ionic mobility in H,O and D,0 electrolyte systems. By using
the same cell configuration as the same potentiostat as mentioned
above, potential (at —1.2 V and 0 V) is applied to the cell with the
frequency varying from 100 kHz to 10 mHz. After the first EIS mea-
surement, 10 cyclic voltammograms were recorded from —1.2 V to
+0.2 V with a scan rate of 1 mV/s. Then, the EIS measurement with
the same conditions was conducted, followed by galvanostatic charg-
ing and discharging from —1.2 V to 40.2 V at a specific current of
0.01-10 A/g.

Molecular dynamics simulation.—The molecular dynamics (MD)
simulations of 1 M NaCl in water (H,O) and heavy water (D,0),
consisting of 100 pairs of Na™ and CI~ ions as well as 5500 H,O
or D,O molecules, were performed using the MD software package
Gromacs 4.6.3' The OPLS force field parameters’> were used for Na*
and ClI~. The SPC/E model** and SPC/HW model** were adopted for
H,0 and D, 0, respectively.

Simulations were implemented in the NPT ensemble at 300 K and
1 atm. Temperature and pressure were controlled through the Nosé-
Hoover thermostat®* and Parrinello-Rahman barostat*’-*® with cou-
pling constants of 0.5 ps and 1 ps, respectively. Periodic boundary
conditions were used in all three dimensions of the simulation system.
A cutoff distance of 1.4 nm was employed for van-der-Waals terms
and electrostatic interactions, whereas the long-range electrostatic in-
teractions were accounted through the particle mesh Ewald (PME)
method.**° The leapfrog integration algorithm was taken to solve the
equations of motion, with a time step of 2 fs. The trajectory was saved
every 1 ps. Each simulation was equilibrated within 3 ns. After that,
another 10 ns production run was performed for analysis. To certify
the accuracy of the simulation results, each case was repeated three
times with different initial configurations.

By MD simulation, the self-diffusion coefficients (D) of ions were
calculated via the Einstein relation (Eq. 4):*!

D= Liim i([f(r) - ?(0)]2> [4]
- 6 1—00 dt
where the quantity in braces is the ensemble-averaged mean square
displacement (MSD) of the species, and 7 is the vector coordinate of
the center of mass. Meanwhile, the ionic conductivity can be linked to

self-diffusion coefficients given by the Nernst-Einstein (NE) equation
(Eq. 5):

Npair 2 2
= D D_ 5
= kT (2Ds+ 4’ D-) [5]

where o is the ionic conductivity, N, is the number of ion pairs in a
volume V. The parameters ¢, and g. are the charges on the cation and
anion, respectively, and D, and D. are the self-diffusion coefficients
of cation and anion, respectively.
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Table I. Chemical analysis of the electrode materials. “n.d.” stands for values below the detection limit of the system (not detected). 9% of ash

content (aluminum oxide and metal oxide).

Carbon (mass%) Hydrogen (mass%) Nitrogen (mass%) Oxygen (mass%) Ash-content (mass%)
ACC-10 942 +0.5 1.0+ 0.1 n.d. 51+1.0 <1
ACC-15 954+ 0.6 0.7 +£0.1 0.1 £0.0 2.7+0.1 <1
ACC-20 96.7+0.3 0.8 £0.1 0.2+0.0 1.9£0.1 <1
CNT 86.1 £0.5 0.7 +£0.1 n.d. 8.1+£22 9

Results and Discussion

Porosity analysis and chemical composition of the electrode
materials.—All electrode materials consist mainly of carbon (Table I).
Within the series of ACC, the carbon content ranges from 94.2 mass%
(ACC-10) to 96.7 mass% (ACC-20) from the lowest to the highest
degree of activation; correspondingly, the oxygen content varies from
5.1 mass% (ACC-10) to 1.9 mass% (ACC-20). A lower oxygen content
found for the more porous ACCs aligns with preferential volatiliza-
tion of more disordered carbon during the activation process.*? For all
ACC samples, we found a hydrogen content of about 0.7-1.0 mass%
and less than 0.2 mass% of nitrogen. Compared to ACC, the CNTs
contain a much higher amount of oxygen (8.1 mass%) but about the
same amount of hydrogen (0.7 mass%). The lower total amount of
carbon (86.1 mass%) is because of the presence of residual aluminum
oxide and metal oxides (Supporting Information, Fig. S2) in the CNT
material.** In alignment with the thermal gravimetric analysis (TGA),
the residue after complete CNT oxidations in synthetic air is around
9 mass%. Elemental analysis of the CNT powder showed the pres-
ence of aluminum oxide and iron (Table I and Supporting Informa-
tion, Fig. S2). The set of ACC carbons shows an ash-content of below
1 mass%, which is in good alignment with the CHNS-O measure-
ments. There is also a small shift of the oxidation onset temperature
at 450-500°C (Supporting Information, Fig. S1) with the highest oxi-
dation resistance for ACC-20, followed by ACC-15 and ACC-10. The
highest degree of carbon oxidation also aligns with the most progressed
removal of less-ordered carbon; thereby, the most activated ACC sam-
ples have the least amount of remaining less-ordered material (see also
Ref. 42) and, therefore, the highest oxidation resistance.

We quantified the pore structure of the different electrode mate-
rials by argon gas sorption (Table II). According to the gas sorption
isotherms and cumulative pore volume distributions (Figs. 1A—1B),
ACCs are predominately microporous while CNTs (in powder and
bucky paper form) are dominated by intertubular mesopores. Support-
ing Information, Figure S3 shows the corresponding differential pore
size distribution pattern. Within the range of ACC materials, we see a
transition from type I(a) for ACC-10 to type I(b) for ACC-20 sorption
isotherm (Fig. 1A), which aligns with an increase is the micropore size
and pore dispersity.?® CNTs as a powder or as bucky paper show nearly
unlimited growth of adsorbate monolayer/multilayers at a high relative
pressure (isotherm type II) explained by a continuum of mesopores
and macropores in-between the individual nanotubes (Fig. 1A).2° At
very low relative pressure, we see a contribution of micropores per the

resemblance of type I(b) isotherm and the H3 hysteresis loop indicates
the presence of non-rigid nanotube aggregates.?

As seen in Fig. 1B, ACC-10 has among ACC carbons the smallest
cumulative pore volume (0.34 cm?/g) but the narrowest pore size dis-
tribution and smallest average pore size (0.56 nm); ACC-20 has the
highest cumulative pore volume (0.80 cm?/g) but the widest pore size
distribution and largest average pore size (0.98 nm). With the increased
extent of activation, we see an increase in pore size, pore-volume, and
pore size dispersity when comparing ACC-10, ACC-15, and ACC-20;
all ACC materials have average pore sizes below 1 nm and are almost
exclusively microporous (98-99% of all pores are <2 nm). For CNTs,
the distribution of mesopores (i.e., space between nanotubes and their
clusters) depends on the degree of compaction, while the amount and
dispersity of micropores (i.e., hourglass-like exohedral pores where
nanotubes entangle)* remain rather constant. Accordingly, the more
consolidated bucky paper (electrode) has a slightly smaller total pore
volume (0.42 cm?®/g) compared to the loose CNT powder (0.45 cm?®/g).
In both cases, CNTs yield a very broad, mesopore-dominated pore size
distribution pattern with an average pore size of about 10 nm (Table II).

Physicochemical properties of H,O and D,0.—H,0 and D,0O
have different physicochemical properties as solvents, and some com-
parative data are compiled in Table III. The different molar mass of
D, 0 and H,O may cause different kinetics relevant to ion transport dur-
ing the electrosorption process. To study the difference of ion transport
in H,O and D, 0, therefore, the coordination of the solvent molecules
around the cation and anion is important to consider. As shown by
previous work using molecular dynamics modeling, there is a slightly
decreased number of solvent molecules for D,O (6.09) compared to
H,0 (6.77) for the chloride ion, but an almost equal number of sol-
vent molecules surrounding the sodium ion (at 1 M: 4.80 for D,O and
4.71 for H,O). Besides, the ion self-diffusion coefficient for Na™ and
CI™ in H,O compared to D,O are listed (Table III). Accordingly, the
calculated conductivity of 1 M NaCl in D,0 (49.82 + 3.57 mS/cm) is
much smaller compared to H,O as the solvent (86.57 & 9.07 mS/cm)
according to MD simulation results.

Electrochemical charge storage capacity and power handling
ability.—In Fig. 2, we see cyclic voltammetric and galvanostatic
charge/discharge data for three different ACC and CNT bucky paper
electrodes. In addition to the overall rectangular charge contribution
related to ion electrosorption, there is an increased current flow related

Table II. Porosity analysis with argon gas sorption at —186°C using the quenched solid density functional theory (DFT) and the Brunauer-Emmett-
Teller theory (BET). SSA: specific surface area. The average pore size refers to the volume-normalized value dso. The pore volume is derived as
the maximum cumulative value from the DFT dataset. The DFT micropore contribution is the relative share of the pore volume associated with

pores <2 nm compared to the DFT total pore volume.

DFT total pore DFT micropore Average pore size
SSA BET (m?/g) SSA DFT (m?/g) volume (cm?/g) contribution (%) dso (nm)
ACC-10 899 1254 0.34 99.4 0.56
ACC-15 1307 1484 0.59 98.6 0.74
ACC-20 1920 1740 0.80 97.6 0.98
CNT powder 207 202 0.45 114 ~10
CNT electrode 190 188 0.42 11.5 ~10
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Figure 1. Argon gas sorption isotherms for ACC-10, ACC-15, ACC-20, and CNT powder (A) and calculated pore size distributions using the quenched-solid
density functional theory assuming slit-shaped pores (B). STP: standard temperature and pressure.

to reversible hydrogen or deuterium electrochemisorption (Figs. 2A,
2C, 2E, 2G). This redox current is more pronounced for H,O compared
to D, O, and the corresponding capacitance on the reverse direction af-
ter reaching the respective vertex potentials is virtually identical for
all ACC materials. Thereby, the difference in capacity is carried by
the faradaic process and not by significant differences regarding the
ion electrosorption process of the salt ions.

Next, we surveyed the charge storage and recovery performance
at different rates (Figs. 2B, 2D, 2F, 2H). Galvanostatic discharge at a
low specific current of 10 mA/g yields for ACC-10 a specific capacity
of 64 mAh/g (H,0) and 54 mAh/g (D,0); these values decreased by
77% (H,0) and 81% (D,0) at 10 A/g. For ACC-15, we measured a
specific capacity of 77 mAh/g (H,0O) and 65 mAh/g (D,0) at a rate
of 10 mA/g; these values decreased by 60% (H,0O) and 70% (D,0) at
10 A/g. For ACC-20, the capacity is 91 mAh/g (H,0) and 72 mAh/g
(D,0) at a rate of 10 mA/g; these values decreased by 62% (H,O)
and 63% (D,0) at 10 A/g. For comparison, CNT electrodes yield a
value of 17 mAh/g (H,0) and 15 mAh/g (D,0) at a rate of 100 mA/g;
these values decrease by 54% (H,0) and 61% (D,0) at 10 A/g. These
data reveal two trends: there is an increased capacity of 1 M NaCl
dissolved in H,O that originates from the faster kinetic of hydro-
gen evolution reaction in nano-confinement, and a lower power han-
dling ability of the D,0O system per the lower diffusion kinetics of the
latter.

Electrochemical window opening.—We further studied the elec-
trochemical stability window for 1 M NaCl in either H,O or D,0 by
a successive increase of the voltammetric vertex potential to quantify
the Coulombic reversibility of the charge/discharge process (Fig. 3);
based on these data, we calculated the stability (S-value) according to
Eq. 2. The anodic vertex potential was fixed to +0.2 V vs. Ag/AgCl,
and the vertex potential for the cathodic reaction was extended with
50 mV interval. As the cathodic potential is extended to —1.0 V vs.
Ag/AgCl, the rectangular-shaped capacitive current response becomes
distorted for all tested carbon materials. This distortion is due to the
emergence of the redox reaction of hydrogen or deuterium, as evi-
denced by the increased oxidation and reduction current (Figs. 3A,
3G, 3E, 3G).

The increase of the S-value corresponds with a decreased re-
versibility of the charge/discharge process, as typical for a transition
from a domain of predominant ion electrosorption to a process in-
volving an increased contribution of faradaic reactions. However, the
S-value analysis itself cannot identify the actual nature of the irre-
versibility, including faradaic or non-faradaic processes, as possible
sources for the irreversible recovery of the charge. Non-faradaic causes
for a reduced S-value may include ion sieving,* ion starvation,*® or
other kinetically hindered processes.*® For all ACC materials, we see
an onset of an increasing S-value at —1.3 V to —1.4 V vs. Ag/AgCl.
This onset range is at much more negative potentials compared to the

Table II1. Selected physicochemical properties of DO and H,O.

H,O D,O Reference
Molecular mass 18.02 g/mol 20.03 g/mol 58,59
Density at 25°C, 101.325 kPa 997.05 kg/m? (liquid) 1104.36 kg/m? (liquid) 59,60
Boiling point at 101.325 kPa 100°C 101.42°C 58,61
Gibbs energy of formation —237.15 kJ/mol (liquid) —243.44 kJ/mol (liquid) 58,62-64

—228.59 kJ/mol (gas) —234.54 kJ/mol (gas)

H-O-H or D-O-D bond angle 105.5° (liquid) 106° (liquid) 65-67
O-H or O-D bond length 0.991 A (liquid) 0.970 A (liquid) 6567
Coordination number for Na® at 1 M NaCl 471 4.80 18
Coordination number for C1~ at 1 M NaCl 6.77 6.09 18
Water self-diffusion coefficient 2.36 +0.01-1072 m%/s 1.36 + 0.01-10~° m?%/s This work
Nat self-diffusion coefficient 1.06 & 0.10-10~° m?/s 0.64 & 0.08-10~% m?/s This work
CI~ self-diffusion coefficient 1.33 £ 0.16:107° m?%/s 0.72 £ 0.03-107° m?%/s This work
Conductivity 86.57 + 9.07 mS/cm 49.82 £ 3.57 mS/cm This work
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Figure 2. Cyclic voltammograms and electrochemical impedance spectroscopy of ACC-10, ACC-15, ACC-20, and CNT electrode in 1 M NaCl dissolved in either

H,O or D,0. Applied potential: —1.2 V or 0 V vs. Ag/AgCl.

mostly mesoporous CNT electrode with a value of about —0.8 V to
—0.9 V vs. Ag/AgCl (Fig. 2H). As the vertex potential is further ex-
tended to the negative values, H, and D, gas evolution take place, as
evidenced by the emergence of a pronounced current (Figs. 3A, 3C,
3E, 3G).*’ The latter is seen beyond —1.8 V vs. Ag/AgCl for ACC
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samples and at about —1.2 V to —1.3 V vs. Ag/AgCl in the case of
CNT. For all ACC carbons, the increase of the S-value for D,0 is
less steep than that for H,O when the potential extended to —1.3 V to
—1.4 V vs. Ag/AgCl and extended to more negative values. Yet, the
larger increase in S-value for D,O as a solvent than that of H,O may
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Figure 3. Cyclic voltammetric window opening
and derived S-values of ACC-10 (A-B), ACC-15
(C-D), ACC-20 (E-F), and CNT(G-H). All mea-
surements were done with an oversized counter
electrode (activated carbon) at a scan rate of
1 mV/s. Each potential step was measured for
four cycles, and the window step width was
AS50 mV.

be related to the degree of nano-confinement that possibly changes the
equilibrium of the reaction or the kinetic energy that originated from
the diffusivity of solvent.

Correspondingly, the strongest effects occur when comparing mi-
cropores (where nanoconfinement occurs) and mesopores (where
these effects are mostly absent).
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Tafel analysis.—To identify the onset potential for Faradic reac-
tions and to understand the different S-value pattern for H,O and D,O
solvents, we obtained the Tafel plot (Figs. 4A, 4C, 4E, 4G) from cyclic
voltammetry (Fig. 2).*® The potential range is selected from —1.2 V
to —0.8 V, where redox reaction peaks of hydrogen or deuterium
electrochemisorption are observed. To determine the overpotential for
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Figure 4. Tafel plot (A,C,E,G) and first derivate (B,D,F,H) of ACC-10, ACC-15, ACC-20, and CNT with either HyO or D,O as the solvent for 1 M NaCl. The
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values for the current density are obtained from cyclic voltammetry (see Fig. 2) in the potential range of —1.2 V to —0.8 V vs. Ag/AgCl.
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hydrogen and deuterium electrochemisorption, the first derivative of
the Tafel relation (d7/dU) was calculated in Figs. 4B, 4D, 4F, 4H
(T: log value of the current density; U: overpotential). Up to about
—1 V vs. Ag/AgCl, we see a constant dT/dU value of about 0.5 for
all ACC materials. This small value aligns with the fast process of ion
electrosorption. As the cathodic potential of the ACC electrodes is be-
low —1V, the d7/dU values become more negative, indicating slower
processes relating to hydrogen and deuterium electrochemisorption.*
Within the carbon nanopores, the reactivity of H,O as the solvent
exceeds that of D,O.

The kinetic isotope effects have been evaluated by zero-point en-
ergy (ZPE). Density functional theory calculations were performed to
obtain the ZPE of 0.421 eV and 0.579 eV for D,0 and H,O0, respec-
tively (Supporting Information, Section 2: DFT calculations). The
lower ZPE indicates that more energy must be provided to break O-D
bond, aligning with a lower rate of the faradaic reactions for D,0.5°
The latter also aligns with the lower ion mobility (Table III) for D,0.
Ideally, DFT system including the micropores could take into account
the pore confinement, however, the DFT system cannot mimic the
realistic pore filled with H,O and D,0 due to the limitation of com-
putational resource and the complex electrode structure in practice.
Herein, we give the values of ZPEs H,O and D,O0, just to show the
qualitative evaluation of their faradaic reactions, and then it is reason-
able to think such evaluation would qualitatively hold under the same
confinement.

Among the set of ACC carbons, the ion mobility increases from
ACC-10 to ACC-15 and to ACC-20. In mesoporous CNT, the onset
potential for electrolyte decomposition is already at —0.9 V, and there
is no distinct difference of kinetic effect in the H,O and D, O system.
Since smaller carbon nanopores provide not only more confinement
but also longer diffusion pathways, kinetic effects become visible in
case of microporous ACC carbons.
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Floating test analysis.—Voltage floating is a practical tool to inves-
tigate the performance stability related to electrolyte decomposition
(or the lack thereof). This is because the system is forced to remain
at a certain cell voltage, triggering, and maintaining any irreversible
electrolyte process. As seen in Fig. 5, carbon materials in the H,O
system have higher capacity when the same potential range is applied.
This agrees with our initial electrochemical testing (Fig. 2). The higher
faradaic current related to hydrogen electrochemisorption compared
to the kinetically impaired D,0O system explain the small differences
in performance stability. Specifically, we see a trend of decreasing ca-
pacity but an increase in Coulombic efficiency for H,O as the solvent
in all ACC samples (Figs. SA-5C). This trend is more pronounced for
ACC-20 (Fig. 5C), which has the largest average micropore diameter
and the largest total pore volume. In the case of CNT electrodes, there is
no distinct capacity difference for H,O and D, 0O electrolytes (Fig. 5D).
This observation can be explained by the mesoporous structure that
overcomes the difference of ion mobilities in H,O and D,0 solvents
within nanopores and the absence of reversible electrochemisorption
of either hydrogen or deuterium.

Electrochemical impedance analysis.—The H,O and D,O sys-
tems are further characterized by electrochemical impedance spec-
troscopy. The Nyquist plots in Fig. 6 show four kinds of carbon mate-
rials in electrolytes of 1 M NaCl dissolved in H,O and D,O at —1.2V
and O V vs. Ag/AgCl. For all conditions, the impedance data do not
show spectral features characteristic of charge transfer reactions, such
as surface redox or ion insertion. At high frequencies, the Nyquist
curve shows a 45° angle linear line, which represents reflective finite-
length diffusion.>!? The curve gradually becomes more perpendicular
as the frequency decreases. For all ACC carbons, the 45° line extends
to more resistive values when potentials are applied, and this differ-
ence is more pronounced at —1.2 V vs. Ag/AgCl than that at 0 V. Also,
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Figure 5. Floating test with 3 cycles of galvanostatic charging and discharging from —1.4 V (ACC carbons)/—1.2 V (CNT) to 0.2 V in a specific current of 0.1

A/g with potential holding at —1.4 V (ACC carbons)/—1.2 V(CNT) for 10 h.
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Figure 6. Electrochemical impedance spectroscopy of ACC-10, ACC-15,
ACC-20, and CNT electrode in 1 M NaCl dissolved in either H,O or D,0O.
Applied potential: —1.2 V or 0 V vs. Ag/AgCl. See Fig. 7 for the equivalent
circuit model used for fitting the impedance data.

this difference is larger for ACC-10 and ACC-15 which have an aver-
age pore size smaller than 0.8 nm. For ACC-20 with an average pore
size of 0.98 nm, the difference of the EIS curve is smaller, especially
when 0 V is applied to the electrode. For the highly mesoporous CNT
bucky paper, we see a much smaller difference between the datasets
for either of the two different solvents (Figs. 6E-6F). In the absence
of diffusion-limiting micropores, there is no 45°-regime either. The
longer 45°-regime for ACC carbons at —1.2 V vs. Ag/AgCl compared
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Figure 7. Equivalent circuit model used for fitting of the impedance data.

to 0 V aligns with a different state of charge and the in-pore ion pop-
ulation. At —1.2 V vs. Ag/AgCl, the carbon nanopores are populated
by more cations than anions.'®3>* The lower self-diffusion coeffi-
cient of Na™ compared to C1~ (Table IIT) explains the more extended
45°-regime at negative polarization.

We further analyzed the impedance data (Fig. 6) by the use of
a simple equivalent circuit model (Fig. 7) to enable a quantitative
comparison between the spectra. The resulting values are provided
in Tables IV-V. In the equivalent circuit, R, represents the resis-
tance of electrode-electrolyte interphase, R, is the charge transfer re-
sistance, and C; represents the electrical double-layer capacitance.
M, is modified restricted diffusion with three fitting parameters,
namely, Ry (diffusion resistance), #, (time constant), and a (disper-
sion parameter).’ 7 When using D,O as the solvent for 1 M NaCl,
the value for Ry is always larger compared to H,O as a solvent. For
CNT bucky paper, Rq is indistinguishable for both solvents per the
dominance of mesopores in the system. When comparing the values
for Ry, and t; obtained at 0 V and —1.2 V vs. Ag/AgCl, the fitting
results indicate that the hydrogen and deuterium evolution/adsorption
further extend the diffusion in H,O and D,O.

These data align with the findings from the Tafel relation: below
—1.1 V vs. Ag/AgCl, the slope values become smaller compared with
the corresponding values at a more positive potential. The pore size
and electrolyte dependence of Ry, also agree with the Tafel slopes
shown in Fig. 4, and we confirm kinetically limited faradaic reactions
in micropores and when using D,O rather than H,O.

Conclusions

We used microporous activated carbon cloth and mesoporous car-
bon nanotubes as electrodes to study hydrogen and deuterium elec-
trochemisorption in H,O and D,O as the solvent for 1 M NaCl. In
micropores, hydrogen and deuterium electrosorption occur, but this
process is absent in mesopores. The lower ion mobility and reactivity
of the D,0 system are seen for all microporous carbons, and the ki-
netic limitation is more pronounced when decreasing the micropore
diameter. This kinetic aspect is important to understand the differ-
ent rate handling ability of D,O vs. H,O systems and the pore size
dependence; yet, it does not translate to an overall enhance voltage
stability window. The latter pertains more to an equilibrium property,
and all our microporous carbons show the onset of irreversible elec-
trochemisorption of deuterium and hydrogen in the range of —1.3 V to
—1.4 V vs. Ag/AgCl. Correspondingly, no actual enhancement of the
performance stability was found when comparing D,0O and H,O as a

Table IV. The fitted data from electrochemical impedance
spectroscopy of four kinds of carbon materials in both HO and
D, O system with an applied potential of —1.2 V vs. Ag/AgCl.

Electrode Solvent Rj () R (Q) C; (F) Ry (Q) ts (s) as

ACC-10 H;O 0.63 044 236 1.09 2.52 0.92
D,O 0.68 049  3.87 2.30 6.26 0.93

ACC-15 H;0O 0.42 027  3.56 1.02 2.27 0.96
D,O 0.56 030 7.52 2.70 6.36 0.94

ACC-20 H;O 0.42 029 421 1.27 2.83 0.94
D,O 0.48 037 488 2.03 4.69 0.94

CNT H,O 0.58 39.65 0.13 0.02 0.57-1073 0.89
D,O 092 5588 0.13 0.47 0.02 0.89
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Table V. The fitted data from Electrochemical impedance
spectroscopy of four kinds of carbon materials in both HO and
D, O system with an applied potential of 0 V vs. Ag/AgCl.

Electrode Solvent R; (Q) R, (Q) C; (F) Rys (Q) ts (Q) as
ACC-10 H,O 061 012 8732 1.02 1.64 094
DO 069 010 1292 1.72 247 095

ACC-15 H,O 045 036 223 0.97 1.61 099
DO 057 052 194 1.14 162 095

ACC-20 H,O 046 042 332 1.19 176 097
D,O 047 044 332 1.54 246 096

CNT H,0 047 005 007 0.12  5.06-1073 0.94
D,O 068 0.09 029 439107 0.10-107° 0.95

solvent for 1 M NaCl via voltage floating. The overall enhanced energy
storage capacity of the H,O system over the D,0 system relates to the
enhanced contribution of the faradaic process of electrochemisorption
of hydrogen. The ion electrosorption capacity in H,O and D, 0O, at least
for the probed salt system of sodium chloride, is not distinguishable.

Acknowledgments

The authors thank Eduard Arzt (INM) for his continuing support.
We thank Hwirim Shim and Andrea Jung (INM) for their support with
thermogravimetric analysis and CHNS-O measurements, respectively.
M.C. and G.F. acknowledge funding from the National Natural Science
Foundation of China (No. 51836003).

ORCID

Yuan Zhang © https://orcid.org/0000-0002-4083-0928
Pattarachai Srimuk © https://orcid.org/0000-0002-7303-9876
Samantha Husmann © https://orcid.org/0000-0001-6157-214X
Ming Chen © https://orcid.org/0000-0002-2188-5472

Guang Feng © https://orcid.org/0000-0001-6659-9181

Volker Presser @ https://orcid.org/0000-0003-2181-0590

References

1. Z.Yang,J. Zhang, M. C. W. Kintner-Meyer, X. Lu, D. Choi, J. P. Lemmon, and J. Liu,
Chemical Reviews, 111, 3577 (2011).
2. R. Schollhorn, Comments on Inorganic Chemistry, 2,271 (1983).
3. M. Salanne, B. Rotenberg, K. Naoi, K. Kaneko, P. L. Taberna, C. P. Grey, B. Dunn,
and P. Simon, Nature Energy, 1, 16070 (2016).
4. K. Fic, A. Platek, J. Piwek, J. Menzel, A. Slesinski, P. Bujewska, P. Galek, and
E. Frackowiak, Energy Storage Materials, 22, 1 (2019).
5. F. Béguin, K. Kierzek, M. Friebe, A. Jankowska, J. Machnikowski, K. Jurewicz, and
E. Frackowiak, Electrochimica Acta, 51, 2161 (2006).
6. E. Frackowiak and F. Béguin, Carbon, 40, 1775 (2002).
7. C. Vix-Guterl, E. Frackowiak, K. Jurewicz, M. Friebe, J. Parmentier, and F. Béguin,
Carbon, 43, 1293 (2005).
8. E. Raymundo-Pinero and F. Béguin, in Interface Science and Technology, T. J.
Bandosz Editor, p. 293, Elsevier (2006).
9. Q. Gao, L. Demarconnay, E. Raymundo-Pinero, and F. Beguin, Energy & Environ-
mental Science, 5, 9611 (2012).
10. M. He, K. Fic, E. Frackowiak, P. Novék, and E. J. Berg, Energy Storage Materials,
5,111 (2016).
11. J. Lee, B. Kriiner, A. Tolosa, S. Sathyamoorthi, D. Kim, S. Choudhury, K.-H. Seo,
and V. Presser, Energy & Environmental Science, 9, 3392 (2016).
12. Q. Abbas, B. Gollas, and V. Presser, Energy Technology, 7, 1900430 (2019).
13. K. Fic, M. Meller, and E. Frackowiak, Journal of The Electrochemical Society, 162,
A5140 (2015).
14. P. Ratajczak, K. Jurewicz, and F. Beguin, Journal of Applied Electrochemistry, 44,
475 (2014).
15. K. Fic, M. Meller, J. Menzel, and E. Frackowiak, Electrochimica Acta, 206, 496
(2016).

16. J. Lee, P. Srimuk, S. Fleischmann, A. Ridder, M. Zeiger, and V. Presser, Journal of

Materials Chemistry A, 5, 12520 (2017).

17. S. Boukhalfa, L. He, Y. B. Melnichenko, and G. Yushin, Angewandte Chemie Inter-
national Edition, 52,4618 (2013).

18. P. Srimuk, J. Lee, O. Budak, J. Choi, M. Chen, G. Feng, C. Prehal, and V. Presser,
Langmuir, 34, 13132 (2018).

19.
20.

21.

23.

24.

25.

26.

27.

28.

29.

30.

31.

41.

42.

43.

44,

45.

46.

47.
48.

49.

50.
51,

52.

53.

54.

A4167

A. Ben-Naim, Solvation Thermodynamics, Springer, New York (1987).

A. A. Sunier and J. Baumbach, Journal of Chemical & Engineering Data, 21, 335
(1976).

S. Porada, R. Zhao, A. van der Wal , V. Presser, and P. M. Biesheuvel, Progress in
Materials Science, 58, 1388 (2013).

. C. Prehal, C. Koczwara, N. Jickel, A. Schreiber, M. Burian, H. Amenitsch,

M. A. Hartmann, V. Presser, and O. Paris, Nature Energy, 2, 16215 (2017).

J. Lee, N. Jickel, D. Kim, M. Widmaier, S. Sathyamoorthi, P. Srimuk, C. Kim,
S. Fleischmann, M. Zeiger, and V. Presser, Electrochimica Acta, 222, 1800 (2016).
C. Prehal, S. Griitz, B. Kriiner, M. Thommes, L. Borchardt, V. Presser, and O. Paris,
Carbon, 152, 416 (2019).

S. Choudhury, B. Kriiner, P. Massuti-Ballester, A. Tolosa, C. Prehal, I. Grobelsek,
O. Paris, L. Borchardt, and V. Presser, Journal of Power Sources, 357, 198 (2017).
M. Thommes, K. Kaneko, A. V. Neimark, J. P. Olivier, F. Rodriguez-Reinoso,
J. Rouquerol, and K. S. W. Sing, Pure and Applied Chemistry, 87, 1051 (2015).

S. Brunauer, P. H. Emmett, and E. Teller, Journal of the American Chemical Society,
60, 309 (1938).

D. Weingarth, H. Noh, A. Foelske-Schmitz, A. Wokaun, and R. Kétz, Electrochimica
Acta, 103, 119 (2013).

K. Xu, S. P. Ding, and T. R. Jow, Journal of The Electrochemical Society, 146, 4172
(1999).

D. Weingarth, M. Zeiger, N. Jickel, M. Aslan, G. Feng, and V. Presser, Advanced
Energy Materials, 4, 1400316 (2014).

B. Hess, C. Kutzner, D. van der Spoel, and E. Lindahl, Journal of Chemical Theory
and Computation, 4, 435 (2008).

. W. L.Jorgensen, D. S. Maxwell, and J. Tirado-Rives, Journal of the American Chem-

ical Society, 118, 11225 (1996).

. H.J. C.Berendsen, J. R. Grigera, and T. P. Straatsma, The Journal of Physical Chem-

istry, 91, 6269 (1987).

. J.R. Grigera, The Journal of Chemical Physics, 114, 8064 (2001).

. S. Nosé, Molecular Physics, 52,255 (1984).

. W. G. Hoover, Physical Review A, 31, 1695 (1985).

. M. Parrinello and A. Rahman, Journal of Applied Physics, 52, 7182 (1981).

. S. Nosé and M. L. Klein, Molecular Physics, 50, 1055 (1983).

. T. Darden, D. York, and L. Pedersen, The Journal of Chemical Physics, 98, 10089

(1993).

. U. Essmann, L. Perera, M. L. Berkowitz, T. Darden, H. Lee, and L. G. Pedersen, The

Journal of Chemical Physics, 103, 8577 (1995).

M. P. Allen and D. J. Tildesley, Computer Simulation of Liquids: Second Edition,
p. 641, Oxford Scholarshi (2017).

C. Kim, P. Srimuk, J. Lee, S. Fleischmann, M. Aslan, and V. Presser, Carbon, 122,
329 (2017).

C. M. White, R. Banks, I. Hamerton, and J. F. Watts, Progress in Organic Coatings,
90, 44 (2016).

M. M. Hantel, V. Presser, J. K. McDonough, G. Feng, P. T. Cummings, Y. Gogotsi,
and R. Koétz, Journal of the Electrochemical Society, 159, A1897 (2012).

R. Lin, P. Huang, J. Ségalini, C. Largeot, P. L. Taberna, J. Chmiola, Y. Gogotsi, and
P. Simon, Electrochimica Acta, 54, 7025 (2009).

M. Aslan, M. Zeiger, N. Jickel, I. Grobelsek, D. Weingarth, and V. Presser, Journal
of Physics: Condensed Matter, 28, 114003 (2016).

K. Babel, D. Janasiak, and K. Jurewicz, Carbon, 50, 5017 (2012).

J. Tafel, Uber die Polarisation bei kathodischer Wasserstoffentwicklung, in Zeitschrift

fiir Physikalische Chemie, p. 641 (1905).

T. Shinagawa, A. T. Garcia-Esparza, and K. Takanabe, Scientific Reports, 5, 13801
(2015).

P. Atkins and L. Jones, Chemical Principles, p. 1200, W. H. Freeman (2008).

C. Criado, P. Galan-Montenegro, P. Veldsquez, and J. R. Ramos-Barrado, Journal of
Electroanalytical Chemistry, 488, 59 (2000).

T. S. Mathis, N. Kurra, X. Wang, D. Pinto, P. Simon, and Y. Gogotsi, Advanced Energy
Materials, 9, 1902007 (2019).

C. Prehal, C. Koczwara, H. Amenitsch, V. Presser, and O. Paris, Nature Communica-
tions, 9, 4145 (2018).

J. M. Griffin, A. C. Forse, H. Wang, N. M. Trease, P. L. Taberna, P. Simon, and
C. P. Grey, Faraday Discussions, 176, 49 (2015).

. B. E. Conway, Electrochemical Supercapacitors, p. 736, Springer, Berlin (1999).
. T. Pajkossy, A. P. Borosy, A. Imre, S. A. Martemyanov, G. Nagy, R. Schiller, and

L. Nyikos, Journal of Electroanalytical Chemistry, 366, 69 (1994).

. T.Pajkossy and L. Nyikos, Journal of The Electrochemical Society,133,2061 (1986).
. D.R. Lide, Handbook of Chemistry and Physics, p. 2624, CRC Press, Boca Raton

(2004).

. E.J. Millero, R. Feistel, D. G. Wright, and T. J. McDougall, Deep Sea Research Part

I: Oceanographic Research Papers, 55, 50 (2008).

. M. Nakamura, K. Tamura, and S. Murakami, Thermochimica Acta, 253, 127 (1995).
. H. Preston-Thomas, Metrologia, 27, 107 (1990).

. G.Job and F. Herrmann, European Journal of Physics, 27, 353 (2006).

. D.D. Wagman, W. H. Evans, V. B. Parker, R. H. Schumm, 1. Halow, S. M. Bailey,

K. L. Churney, and R. L. Nuttall (1982).

. W. A. P. Luck, Journal of Molecular Structure, 448, 131 (1998).
. A. Zeidler, P. S. Salmon, H. E. Fischer, J. C. Neuefeind, J. Mike Simonson, and

T. E. Markland, Journal of Physics: Condensed Matter, 24, 284126 (2012).

. K. Ichikawa, Y. Kameda, T. Yamaguchi, H. Wakita, and M. Misawa, Molecular

Physics, 73,79 (1991).

. P.L. Silvestrelli and M. Parrinello, The Journal of Chemical Physics, 111, 3572

(1999).

Downloaded on 2019-12-16 to IP 92.200.76.155 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


https://orcid.org/0000-0002-4083-0928
https://orcid.org/0000-0002-7303-9876
https://orcid.org/0000-0001-6157-214X
https://orcid.org/0000-0002-2188-5472
https://orcid.org/0000-0001-6659-9181
https://orcid.org/0000-0003-2181-0590
http://dx.doi.org/10.1021/cr100290v
http://dx.doi.org/10.1080/02603598308078124
http://dx.doi.org/10.1038/nenergy.2016.70
http://dx.doi.org/10.1016/j.ensm.2019.08.005
http://dx.doi.org/10.1016/j.electacta.2005.03.086
http://dx.doi.org/10.1016/S0008-6223(02)00045-3
http://dx.doi.org/10.1016/j.carbon.2004.12.028
http://dx.doi.org/10.1016/s1573-4285(06)80015-3
http://dx.doi.org/10.1039/c2ee22284a
http://dx.doi.org/10.1016/j.ensm.2016.06.001
http://dx.doi.org/10.1039/C6EE00712K
http://dx.doi.org/10.1002/ente.201900430
http://dx.doi.org/10.1149/2.0251505jes
http://dx.doi.org/10.1007/s10800-013-0644-0
http://dx.doi.org/10.1016/j.electacta.2016.02.077
http://dx.doi.org/10.1039/C7TA03589F
http://dx.doi.org/10.1002/anie.201209141
http://dx.doi.org/10.1021/acs.langmuir.8b02485
http://dx.doi.org/10.1007/978-1-4757-6550-2
http://dx.doi.org/10.1021/je60070a011
http://dx.doi.org/10.1016/j.pmatsci.2013.03.005
http://dx.doi.org/10.1038/nenergy.2016.215
http://dx.doi.org/10.1016/j.electacta.2016.11.148
http://dx.doi.org/10.1016/j.jpowsour.2017.05.005
http://dx.doi.org/10.1515/pac-2014-1117
http://dx.doi.org/10.1021/ja01269a023
http://dx.doi.org/10.1016/j.electacta.2013.04.057
http://dx.doi.org/10.1149/1.1392609
http://dx.doi.org/10.1002/aenm.201400316
http://dx.doi.org/10.1021/ct700301q
http://dx.doi.org/10.1021/ja9621760
http://dx.doi.org/10.1021/j100308a038
http://dx.doi.org/10.1063/1.1359183
http://dx.doi.org/10.1080/00268978400101201
http://dx.doi.org/10.1103/PhysRevA.31.1695
http://dx.doi.org/10.1063/1.328693
http://dx.doi.org/10.1080/00268978300102851
http://dx.doi.org/10.1063/1.464397
http://dx.doi.org/10.1063/1.470117
http://dx.doi.org/10.1016/j.porgcoat.2015.09.020
http://dx.doi.org/10.1149/2.006212jes
http://dx.doi.org/10.1016/j.electacta.2009.07.015
http://dx.doi.org/10.1088/0953-8984/28/11/114003
http://dx.doi.org/10.1016/j.carbon.2012.06.030
http://dx.doi.org/10.1515/zpch-1905-5043
http://dx.doi.org/10.1038/srep13801
http://dx.doi.org/10.1016/S0022-0728(00)00188-1
http://dx.doi.org/10.1002/aenm.201902007
http://dx.doi.org/10.1038/s41467-018-06612-4
http://dx.doi.org/10.1039/C4FD00138A
http://dx.doi.org/10.1007/978-1-4757-3058-6
http://dx.doi.org/10.1016/0022-0728(93)03053-R
http://dx.doi.org/10.1149/1.2108340
http://dx.doi.org/10.1016/j.dsr.2007.10.001
http://dx.doi.org/10.1016/0040-6031(94)02086-4
http://dx.doi.org/10.1088/0026-1394/27/2/010
http://dx.doi.org/10.1088/0143-0807/27/2/018
http://dx.doi.org/10.1016/S0022-2860(98)00343-3
http://dx.doi.org/10.1088/0953-8984/24/28/284126
http://dx.doi.org/10.1080/00268979100101071
http://dx.doi.org/10.1063/1.479638
http://ecsdl.org/site/terms_use

Supporting Information

Effect of pore size on the ion electrosorption
and hydrogen/deuterium electrosorption

using sodium chloride in H,0 and D,0

Yuan Zhang,'? Pattarachai Srimuk,> Samantha Husmann,?

Ming Chen,?? Guang Feng,>* and Volker Presser?*

1 INM - Leibniz Institute for New Materials, Campus D2 2, 66123 Saarbriicken, Germany

2 Saarland University, Campus D2 2, 66123 Saarbriicken, Germany

3 State Key Laboratory of Coal Combustion, School of Energy and Power Engineering, Huazhong University
of Science and Technology (HUST), Wuhan 430074, China

4 Nano Interface Centre for Energy, School of Energy and Power Engineering, HUST, 430074, China

* Corresponding author’s eMail: volker.presser@leibniz-inm.de

S1


mailto:volker.presser@leibniz-inm.de

Section 1:

Supporting Figures

100 § <= ~ — ACC-10
0 —— ACC-15
X 100 — ACC-20
" 60 - CN
N
© 80-
= 40
204 60}
0| 450 500 550 600 650
T I T I T I I T ]
0 200 400 600 800 1000
Temperature (°C)
Figure S1: Thermogravimetric analysis of different carbon materials.
C
>
bt
/2]
c
2 Al
c
~— o
o)
o
Fe
o 1 2 3 5

Figure S2:

Energy (keV)

EDX spectrum of the CNT powder.

S2



2.0 1

] —ACC-10
18 ACC-15
1 6—- — ACC-20
a ] ---- CNT powder
"é 1.4 —— CNT electrode
__C_ 1.2 -
m i
& 10-
o i
~ 0.8
b o] ]
_E 0.6—_
T 0.4
0.2
0.04—7 ., e ‘ .
0.5 1 2 5 10 20 30

Pore width (nm)

Figure S3: Differential pore size distribution pattern.

S3



Section 2: DFT calculations

Density functional theory (DFT) calculations were carried out using Vienna ab-initio
simulation package (VASP)®) with the Perdew-Burke-Ernzerhof (PBE)? exchange-correlation
functions of generalized gradient approximation (GGA). The projector augmented wave
(PAW) method® with a cutoff energy of 500 eV was adopted to describe the interaction
between nuclei and electrons. The H,O and D,O systems were established within
20x20x20 A3 to avoid interaction between periodic images. The convergences of energy and
force were employed as 10 eV and 0.01 eV/A, respectively. The -centered k-point meshes
of 1x1x1 were taken. All the models were firstly geometrically optimized, then followed by

the zero-point energy (ZPE) calculation. The ZPE is described as:*

n
1
ZPE = Ez hv; Equation (S1)
i=1

where, h is the Planck constant, and v; is the vibration frequency, which is evaluated with
the harmonic oscillator approximation.t) The calculated frequencies of H,O and D,O are

gathered in Table S1.

Table S1. The calculated vibration frequencies of H,0 and D,0. Unit: THz

V1 V3 V3 V4 Vs Ve

H2.0 115.332 111.929 47.616 4.256 1.035 0.061

D20 84.453  80.612 34.835 3.010 0.745 0.057
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Capacitive deionization with porous carbon electrodes is an energy-efficient water treatment technique
limited to the remediation of only brackish water due to the severe efficiency drop at high molar
strength. Combining experiment and simulation, our work demonstrates the ability of subnanometer
pores for permselective ion electrosorption, which enables capacitive deionization for saline media with
reveal

high concentrations. Molecular dynamics simulations

electrosorption in subnanometer pores at high molar strength. Within the subnanometer range, carbon

the origin of permselective ion

pores with smaller size become more ionophobic and then express a higher ability of permselective ion

Received 24th October 2019 . . . . .

Accepted 14th December 2019 electrosorption. This can be understood by the effects of the pore size on the microstructure of in-pore
water and ions and the nanoconfinement effects on the ion hydration. These findings provide a new

DOI 10.1039/c95e00996e avenue for capacitive deionization of saline water (seawater-like ionic strength) to enable the application

rsc.li/sustainable-energy of highly concentrated saline media by direct use of porous carbons.

1. Introduction

Advancing towards a sustainable future requires not only to
improve our current ability for water management but also to
afford energy-efficient water desalination.® With the rising
demand for potable water, increased pollution, and global
climate change, scientists explore advanced techniques for
desalination.” Along these lines, capacitive deionization (CDI)
is a still emerging water purification technique that provides
energy-efficient desalination of brackish water.*® The CDI
process for water desalination relies on the accumulation of
ions in polarized electrodes. By applying an electrical
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electrochemical characterization, in-pore ions under different polarizations,
water distribution surrounding ions in bulk and inside large pores. See DOI:
10.1039/c9se00996€
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potential between two electrodes, cations and anions are
removed from a water stream passing the electrochemical cell
and respectively electro-adsorbed at the negatively and posi-
tively charged electrodes.®® The mechanism of ion electro-
sorption is well-known in the field of electrical energy storage,
which could be exemplified by electrical-double layer capaci-
tors (also called supercapacitors) in many present-day
devices, ranging from mobile applications to stationary
(grid-scale) systems.®** With the ability to use charge accu-
mulation to desalinate saline media during the electrode
charging process and to recover the electrical energy during
electrode regeneration (discharging), CDI units are also
uniquely qualified to contribute towards large-scale energy
storage and grid management.">**

The process of ion electrosorption favors porous electrode
materials with a high specific surface area. Accordingly, CDI
devices commonly employ porous carbons,®*” such as acti-
vated carbons,'®'® graphene-based materials,*** carbon nano-
tubes,”** or carbon aerogels.”® Like for supercapacitors,*®
micropores benefit the performance of CDI electrodes,
compared to meso- or macropores.”” However, the detailed
understanding of the influence of the pore size on the desali-
nation performance has remained limited. In part, this is
caused by the pore size dispersity of carbon electrode materials,
which complicates to deconvolute the individual processes
occurring in different pores. Modeling ion electrosorption in
pores of different sizes is, therefore, an important approach to
quantify the behavior and properties of ions in nanoconfine-
ment.'** With the majority of works in the field of

Sustainable Energy Fuels, 2020, 4, 1285-1295 | 1285
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supercapacitors using organic electrolytes or ionic liquids,****-**
quantitative analysis of ion electrosorption in carbon nano-
pores using aqueous media is still poorly investigated.**** The
specific challenge for CDI modeling is the dependency of the
desalination performance on the actual mode of charge
storage.*® Specially, we must consider the number of co-ions
and counter-ions (that is, ions with same or opposite charge
compared to the electrode), and their relative changes as
a function of the state of charge.

Different from the charge storage mechanism of super-
capacitors, the non-permselective exchange of one cation by one
anion during the charging of the positively polarized electrode
(and vice versa at the negatively polarized electrode) fails to
change the concentration of the effluent water stream.*®
Instead, desalination is only possible when the change of
electro-adsorbed counter-ions exceeds that of electro-desorbed
co-ions.*” This fundamental correlation makes the desalina-
tion performance of CDI highly dependent on the bulk ion
concentration. Carbons may accomplish at low molar strength
of about 5-20 mM a desalination capacity of 10-30 mg g~ ',7%*
while many studies have revealed that at high molar strength
(>50-100 mM), the charge storage process is dominated by non-
permselective ion swapping, and thus effective desalination by
CDI becomes impossible.*****> Only at molar strength below
50 mM, CDI becomes a promising energy-efficient desalination
technology, which limits the technology to remediation of only
brackish water.'®*”** Accordingly, the field of electrochemical
desalination has moved away from carbon to explore electrode
materials capable of ion insertion or conversion reactions.****
Such faradaic processes could overcome the limitation of elec-
trosorption and allow permselective and energy-efficient ion
removal even at high molar strength (e.g., as found for seawater:
600 mM).*

Our work was motivated by going in the opposite direction:
to turn back to carbon. More precisely, our study shows that as
subnanometer-sized pores become more ionophobic, they gain
the ability of permselective ion electrosorption at high molar
strength. However, such effects have not been found experi-
mentally or correlated with a combined experiment and simu-
lation approach. We demonstrate this unexpected feature by
molecular dynamics (MD) simulations, with constant potential
method to mimic the applied voltages on the electrode,*®*’ that
allow us to investigate carbon pores individually with charging
process and by CDI experiments with activated carbon cloth
with equally small pores at high molar strength. The pore-size
dependent CDI ability of subnanometer pores and their
molecular insights, as well as the origin of the permselective
electrode, are clarified and discussed. Thereby, the current
paradigm of limiting CDI to just brackish water could be
reconsidered as: if appropriate nanopores are being employed,
CDI is also capable of desalination of highly saline aqueous
media. In this work, we focus mostly on potassium chloride
(KCl) solution, considering the smaller size of hydrated potas-
sium ion compared to hydrated sodium ion.** Thereby, we
establish the ability to enable permselectivity in sodium chlo-
ride (NaCl) and at molar concentrations exceeding that of
seawater.
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2. Simulation and experimental
section

2.1. Molecular dynamics simulations

The electrode pore walls are modeled by fixing three layers of
graphene sheets. The pore size, defined as the access width,*
ranges from 0.47 nm to 1.77 nm. The pore length is set as
5.85 nm, which is long enough to eliminate the entrance effects
on the central part of the pore.”* The initial configurations of
the KCI and NacCl solutions are obtained by randomly distrib-
uting ions and water molecules in the accessible space using
PACKMOL.”® The detailed numbers of the components (ions
and water) in each case are gathered in ESI, Table S1.f For
electrodes and aqueous KCl and NaCl electrolytes, we adopted
force fields from Cornell et al.>* and Smith et al.,> respectively,
and the well-established SPC/E model*® was chosen for the
water molecules.

2.2. Constant potential implementation

For all simulations, the constant potential method (CPM) was
implemented to capture the electrode polarization effects in the
presence of an aqueous electrolyte.”” This method allows the
fluctuation of electrode charge during the simulation so that
a constant electrical potential between two electrodes could be
maintained.”®** All simulations were performed in the NVT
ensemble, using a customized MD package GROMACS* with
a time step of 2 fs. The temperature of the electrolyte is main-
tained at 298 K using the V-rescale thermostat. A fast Fourier
transform (FFT) grid spacing of 0.1 nm and cubic interpolation
for charge distribution were used to compute the electrostatic
interactions in the reciprocal space. We used a cutoff length of
1.2 nm in the calculation of electrostatic and non-electrostatic
interactions in the real space. Each simulation started with an
annealing process from 350 K to 298 K over a period of 10 ns,
followed by another 10 ns to reach equilibrium. After that, a 40
ns production run was performed for analysis. For the sake of
the accuracy of modeling, 10 runs were carried out with
different initial configurations (i.e., with different locations and
velocities of ions and water molecules) to obtain reliable results
of charging dynamics.

2.3. Carbon electrodes materials

Four kinds of commercial activated carbon cloth (Kynol ACC-
5092-10, Kynol ACC 5092-15, Kynol ACC 507-20, Kynol 507-
20+, and Kuraray YP-80F) were applied as electrode materials in
this work.® Among them, Kynol ACC-5092-10, Kynol ACC 5092-
15, and Kynol ACC 507-20 and Kynol 507-20+ (labeled as ACC-
0.59, ACC-0.67, ACC-0.88, and ACC-1.26) are novolac-derived
activated carbon cloth with different degree of the activation
process and thickness of 650 pm, 450 pm, and 250 um,
respectively. Thereby, all ACC electrodes were free-standing and
binder-free. 95 mass% of YP-8OF (labeled AC-1.34) activated
carbon material was mixed with 5 mass% polytetrafluoro-
ethylene (PTFE, Sigma-Aldrich) to form a 650 pum thick, free-
standing electrode.

This journal is © The Royal Society of Chemistry 2020



Paper

2.4. Material characterization

Scanning electron micrographs (ESI, Fig. S1t) were recorded
with a JEOL JSM-7500F system at an acceleration voltage of 3 kv.
The samples were mounted on sticky tape and analyzed without
the aid of an additional, conductive sputter coating.

Nitrogen sorption experiments were performed with an
Autosorb iQ system (Quantachrome) at —196 °C. The samples
were degassed at 10> Pa at a temperature of 200 °C for 10 h. The
specific surface area (SSA) and pore size distribution (ESI, Table
S2 and Fig. S21) were calculated by applying quenched-solid
density functional theory (QSDFT) assuming a slit-shaped
pore model.**%

The chemical composition was quantified with a CHNS
analyzer Vario Micro Cube from Elementar. The temperature for
the tube was 850 °C and for the combustion tube 1150 °C. The
equipment was calibrated with sulfanilamide. The oxygen
content was obtained with a rapid OXY cube from Elementar.
The analysis temperature was 1450 °C, and it was calibrated
with benzoic acid. See ESI, Table S3.}

2.5. Desalination performance measurements

We used a symmetric full-cell configuration to evaluate the
desalination performance. As shown in ESI, Fig. S1,f carbon
materials were cut into 30 mm diameter disks. The feed water
flows through the middle channel, which is sandwiched by
glass fiber separators (Millipore, 4 pieces of 380 um) and acti-
vated carbon electrodes. To ensure that the space of the water-
flowed middle channel does not collapse during the measure-
ment, 7 pieces of polyethylene terephthalate cloth meshes (28
mm-diameter round pieces) were filled inside of the middle
channel. This translates to a spacing of 3 mm between the two
electrodes. The flow rate of the feedwater stream was set 5
mL min . At the outlet of the cell, pH and conductivity sensors
were connected to monitor the pH and concentration fluctua-
tions during the electrochemistry measurements.

We used a Biologic VSP300 system to determine the elec-
trochemical performance, a Metrohm PT1000 conducto-
metric cell to monitor the electrolyte concentration, and the
pH values were recorded with a WIW SensoLyt 900P sensor
probe. By this way, we determined values for the charge effi-
ciency and desalination capacity. Galvanostatic charge and
discharge cycling was carried out at a specific current of
0.1 A g ' using different potential ranges, namely, 0-0.2 V, 0~
0.4 V, 0-0.6 V, 0-0.8 V, and 0-1.0 V with 20 cycles for each
potential range. After charging and discharging, 2 min of the
potential holding time was applied. The electrode mass was as
follows: 145 mg for ACC-0.59, 120 mg for ACC-0.67, 116 mg for
ACC-0.88, 64 mg for ACC-1.26, and 172 mg for AC-1.36. The
specific current applied was calculated from the total mass of
both sides of electrode.

The desalination capacity (DC) was determined by eqn (1):

DC = (Vﬂ> J(ct — co)dt (1)

Mot

where » is the flow rate of salt solution, M, is the molecular
mass of the salt, my, is the total mass of both working and
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counter electrode, and ¢, and ¢; are initial concentration and
concentration value at time ¢.
The charge efficiency (CE) was calculated by eqn (2):

F x DCmol
0

where F is the Faraday constant (in units of Ah per mol), Q is the
invested charge (in units of Ah) including the leakage current,
and DC,, is the desalination capacity (in unit of mol).

In our experiments, the error margin for CE and DC was
about 5-8%.

CE (%) = x 100% )

2.6. Solid-state nuclear magnetic resonance spectroscopy

We used a 400 MHz Bruker Avance III HD WB spectrometer
operating at a magnetic field strength of 9.4 T. Before soaking in
800 mM aqueous NaCl, the samples were dried in an oven at
80 °C overnight and introduced in 3.2 mm zirconia rotors. The
magic angle spinning (MAS) rate was 5 kHz. "H NMR spectra
were acquired using the DEPTH pulse sequence® with 16 scans
phase cycle, 5 s recycle delay, and 90° pulse lengths of 3-3.3 ps
at a power of 200 W. **Na MAS NMR spectra were recorded with
a single pulse and 1024-20480 scans depending on the sample,
recycle delays of 0.2 s, and 90° pulse lengths of 3.75-4.2 ps at
a power of 200 W.

3. Results and discussion

3.1. Capacitive deionization ability of micropores

The key working principle of CDI is demonstrated in Fig. 1a:
when saline feed water passes electrically charged electrodes,
ions will be electro-adsorbed at the fluid-solid interfaces
between the aqueous electrolyte and carbon nanopore surfaces.
We first examine the ability of carbon electrodes with different
pore sizes to accomplish capacitive deionization at high molar
strength even above standard seawater by using 800 mM KCl
solution, although nanoporous carbons had shown the inability
of activated carbon with pores >1 nm to accomplish any desa-
lination in 600 mM NaCl solution while it worked well for
supercapacitor.”” Employing activated carbon cloth (ACC) and
activated carbon (AC) as electrodes (ESI, Fig. S17), we labeled
the samples by their average pore size, namely ACC-0.59
(average pore size is 0.59 nm), ACC-0.67 (0.67 nm), ACC-0.88
(0.88 nm), ACC-1.26 (1.26 nm) and AC-1.34 (1.34 nm). From
the pore size distribution of these carbon materials (Fig. 1b and
ESI, Fig. S2t), we observe the pronouncedly microporous char-
acteristics of all studied ACCs, while the widest pore size
distribution is found for AC-1.34 which also contains 13.8%
mesopores (diameters within 2-50 nm; ESI, Table S2+ provides
more data from pore structure analysis). We chose nanoporous
carbons with narrow pore size distribution because these
specific carbons have a small amount of non-carbon hetero-
atoms and surface groups (chemical data can be found in ESI,
Table S37). Fig. 1c shows the desalination capacity for aqueous
800 mM KCI normalized to the specific surface area of the
different carbon electrodes at cell voltages up to 1.0 V. Herein,
the use of area-normalized desalination capacities is more
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Fig. 1 Capacitive deionization (CDI) of microporous carbons. (a) The schematic figure for a CDI cell using porous carbon electrodes. Charge
storage, generally, can be accomplished by permselective counter-ion electrosorption or non-permselective concurrence of co-ion desorption
and counter-ion electro-adsorption (ion swapping). (b) Cumulative pore size distribution obtained from nitrogen gas sorption isotherms at
—196 °C, calculated by applying quenched solid density functional theory (QSDFT) and assuming pores have slit shape. (c and d) Desalination
capacity (c) and charge efficiency (d) obtained from CDI experiments on carbon electrodes with different average pore sizes. Experiments were

carried out in aqueous 800 mM KCL.

reasonable for a direct comparison of carbons with different
surface area compared to mass-normalized values. In alighment
with the reported CDI techniques,****** we see the inability of
carbon nanopores exceeding 1 nm to desalination even at the
highest applied cell voltage. As the average pore size is
decreased, there is a significant increase in areal desalination
capacity with the highest value found for ACC-0.59 (4.58 pg m >
=4.73mgg ' at 1.0 V). To the best of our knowledge, these data
are the first reports of nanoporous carbons accomplishing
actual desalination at high molar strength via CDI in the
absence of an ion-exchange membrane. The ability for ion
removal is also maintained when using 800 mM Nacl solution
(ESI, Fig. S3 and S4t).

To scrutinize desalination capacities, the charge efficiency is
analyzed in Fig. 1d, correlating the charge corresponding with
removed salt ions and the total amount of invested charge. It
can be seen that the charge efficiency even at the highest
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applied cell voltage of 1.0 V remains close to zero for pores
larger than 1.2 nm on average (either ACC-1.26 or AC-1.34),
however, when approaching and falling below the 1 nm-range,
there is a significant increase in charge efficiency that aligns
with the manifestation of desalination. Subnanometer pores at
1.0 V show a charge efficiency of about 36% and this value also
contains resistive charge losses of the cell and its graphitic
carbon current collectors. This charge efficiency seems small
compared to activated carbons commonly used for CDI that
provide 60-80% charge efficiency® but is very large compared to
the performance of micropores exceeding an average of 1.2 nm.
Also, considering the pore size dispersity (Fig. 1b), there is an
influence of larger pores even for the sample with the smallest
average pore size and this may further contribute to a reduced
charge efficiency. Theoretically, if all charges would be stored by
a one-to-one cation-anion swapping process, no desalination
would be observed (like in case of large micropores).** Yet, the

This journal is © The Royal Society of Chemistry 2020
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unexpected ability of subnanometer pores to accomplish the
actual desalination at high molar strength indicates a signifi-
cant amount of ion permselectivity, that is, subnanometer pores
have a growing preference of counter-ion electro-adsorption
instead of co-ion electro-desorption. Such behavior agrees
with some previous theoretical work on graphene nano-
channels which up-take ions only when electrically charged.*® It
aligns also with the hindrance of ions such as Na*" and Cl~ for
monolayer water transport ultrathin graphene
channels.®”

To understand the permselective ion electrosorption of
subnanometer pores, we used MD simulations to study the
electrochemical operation of aqueous electrolyte at high molar
strength. As shown in Fig. 2a, we construct a three-dimensional
periodical system with two slit-shaped micropores of adjustable

across
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The constant potential method is implemented to maintain the
potential drop between the two electrodes during the simula-
tions.*** This computational method allows us to explore the
processes of charge storage and dynamically monitor ion
electro-sorption/desorption in micropores at the atomic
level.*>** As exemplified for all carbon electrode materials in
this study by conventional electrochemical operation in a two-
electrode cell in 2 M KC], there is a capacitive response with
a rectangular-shape cyclic voltammogram provided by porous
carbons (ESI, Fig. S57), indicating the absence of electrochem-
ically triggered redox reactions. Therefore, MD simulations with
aqueous solutions at two high molar strengths (500 mM and 2
M) could be performed to investigate the dynamic process of ion
electro-sorption/desorption and its permselectivity by carbon
nanopores. As exhibited for the temporal change of ions in the

size (dg);) connected by reservoirs of bulk aqueous electrolyte. negatively charged electrode in Fig. 2b (results for positive
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Fig.2 Molecular understanding of ion permselectivity by micropores. (a) Schematics of the molecular dynamics simulation setup. The pore size,
dgiv, is defined by the accessible gap between the surfaces of two inner graphene sheets, ranging from 0.47 nm to 1.77 nm, and the slit length is
5.84 nm along the Z-direction. The dimensions of the simulation system are dg;; +3.53 nm, 3.00 nm, and 24 nm. A constant potential drop is
applied at the red, and blue labeled carbon atoms, in which red represents positive electrode, and blue represents the negative electrode. The
applied voltage between the positive and negative electrode is set at 1.0 V. (b) Time evolution of the number of cation and anion in the negatively
charged micropores. Dark red and blue solid lines are, respectively, results for the cation and anion at 2 M molar concentration. Yellow and light
blue dashed lines are for cation and anion at 0.5 M molar concentration. These results are evaluated during the charging simulations of each
micropore. (c) Charge efficiency, as a function of pore size. Red solid line with triangle markers and blue dashed line with square markers
represent results of micropores in aqueous 0.5 M and 2 M KCl solutions, respectively.
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electrode in ESI, Fig. S67), pores of 0.57 nm and 0.77 nm show
almost exclusive counter-ion electro-adsorption at 1.0 V and
avoidance of co-ions, while pores in larger size (0.97 nm and
1.37 nm) contain a much larger number of co-ions. This trend
holds for both 500 mM and 2.0 M aqueous KClI solutions under
1.0 V; however, for 500 mM, we see a much lower number of co-
ions populating the pores during the charging process
including its initial state. The change of in-pore ion population
and charge stored on the pore translates to theoretical charge
efficiency, as shown in Fig. 2c. It can be found that the charge
efficiency is enhanced with the decrease of either pore size or
ion concentration, except its unit value in very small pores (<0.6
nm) due to the absence of ions at the initial state of charging
process; the modeling-obtained values of charge efficiency are
larger than experiment-measured ones, which may be contrib-
uted to the absence of pore size distribution and the simplifi-
cation of pore surface geometry and chemistry in MD modeling.
These findings are validated for different working potential and
saline water (e.g., KCl and NacCl solutions under 1.5 V in ESI,
Fig. S71), which qualitatively match with our experimental data
(Fig. 1b and c), documenting the ability for subnanometer pores
to enable capacitive deionization in saline media with high
molar strength (exceeding the ion concentration level of
seawater). Our findings are in stark contrast to the current state-
of-the-art assessment that membrane-free capacitive carbon
electrodes are non-suitable for seawater desalination.!®%743¢8

3.2. Origin of permselective ion electrosorption in
subnanometer pores

To better understand the mechanism of permselective ion
electrosorption in subnanometer pores, we then explored the
equilibrium in-pore distributions for ions and water molecules

Q
(o

Negative electrode

PZC

Paper

by simulations. The intricacies of the electrical double-layer
structure at the electrolyte-electrode interface majorly govern
the surface charge and the resulting salt adsorption
capacity.®*”® Fig. 3 depicts the distributions of ions and water
molecules inside non-charged and polarized pores of different
size. When the electrode is at the potential of zero charge (PZC),
shown in Fig. 3b, K" or CI~ ions are unable to enter pores of less
than 0.6 nm, although the pore could be wetted, indicating such
pores are fully ionophobic.”>”* For larger pores, ions are found
already inside the pore, seeming larger pores with more ions.
These could be further seen in ESI, Fig. S87 that, as the pore size
shrinks, the in-pore ion density decreases, suggesting that the
pore electrode becomes more ionophobic and ultimately fully
ionophobic. When pores get either negatively or positively
polarized (Fig. 3a and c), for fully ionophobic pores (<0.6 nm)
counter-ions move into the pore and accumulate in its central
region; when pores get more ionophilic (>0.6 nm), the electrical
double-layer inside the pores becomes rich in counter-ions, and
some co-ions are expelled. Moreover, multiple layers of ions,
rather than one layer dwelling at the central part of the pores,
are formed inside these large pores. Although their size is larger
than K' cations in bare but similar in full hydration,®® Cl~
anions reside closer to the slit wall than cations, suggesting
a more fractured hydration shell than that of K* ions.

The distribution of in-pore water molecules is strongly
influenced by the in-pore ions due to the hydration effect under
nanopore confinement. Specifically, in fully ionophobic pores
the pure water packing at PZC should be changed by ions
electro-adsorbed under polarization; in more ionophilic pores,
the adsorbed layer of water distributions in the positive side is
higher but thinner than that in the negative side (Fig. 3a and c).
To further investigate the microstructures of the water
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lon and water distributions in micropores. (a—c) Data in (a) and (c), respectively, show the number densities of ions and water in the

negatively charged micropores and positively charged micropores, for a potential difference of 1.0 V between the two electrodes. Data shown in
(b) represent results for the uncharged pore (i.e., at PZC). Red solid, blue dashed, and black dash-dotted curves are results for cations, anions, and
water molecules, respectively. The number density of water shown here is scaled by 1/30 for better illustration. X = 0 corresponds to the central

position of the pore.
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cumulative distribution function, n(r) (dashed lines, right Y-axis) of hydrated K* ions (a) and Cl™ ions (b) in negatively and positively polarized
pores, respectively. The applied electrical potential difference between two electrodes is set as 1.0 V. The cumulative distribution function, n(r), is
calculated by n(r) = 4mp [ g(r)r*dr, where p is the water number density in the reservoir. (c and d) Pseudo-2D number density (upper panel) and
orientation (lower panel) distributions of water molecules around a K* ion (c) and a Cl™ ion (d) in micropores of different pore sizes under negative

and positive polarization, respectively.

molecules surrounding an ion inside the micropores, we show
in Fig. 4 the radial distribution functions (RDFs) and the
cumulative distribution functions (CDFs) between in-pore ions
and their surrounding water molecules as well as the corre-
sponding number density and angular distributions of water
around an ion at its peak positions (i.e., the closest peak to the

This journal is © The Royal Society of Chemistry 2020

pore wall, Fig. 3). Focusing on the K" ion at the negatively charge
micropores (Fig. 4a), we see that the coordination number of
water molecules decreases as the pore becomes narrow; the
value is around 4.8 and 7.6, respectively, for fully ionophobic
pores (0.47 nm and 0.57 nm) and the other pores. From the
pseudo-two-dimensional water number density near a K* (the
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upper row of Fig. 4c), we observe that in subnanometer pores
water is mainly located along the length of the pore on the top
(or below, which is not shown due to the symmetry of data) of
the ion, but not between the ion and the pore wall, as observed
in Fig. 3 with only one layer of water and ions in such small
pores. For a 0.77 nm pore, water in the hydration shell of a K*
ion starts to more surround the cation, and for 0.97 nm pore, we
see the emergence of more completed hydration shell. Finally,
larger micropores (1.37 and 1.77 nm in ESI, Fig. S9t) show an
almost full hydration shell of K" ions.

The number of water molecules coordinating a K" ion in bulk
simulation of 2 M KCl solution is found to be 6.7 (ESI, Fig. S9F).
The comparison between such coordination numbers for ions
in bulk and in pore suggests that K ions in fully ionophobic
pores (0.47 nm and 0.57 nm) get partially dehydrated while K*
ions in the less ionophobic pores become more hydrated with
their hydration shells deformed concomitantly, which makes
the water shell become denser and results in a higher coordi-
nation number. Such deformations of hydration-shell struc-
tures can also be revealed by the pseudo-2D water angular
distribution analysis near a K" ion (the lower row of Fig. 4c), in
which we compute the averaged angle formed by a water dipole
and ion-oxygen vector for the ion with its hydrated water. For
pores smaller than 0.97 nm, the orientation of water in the first
layer of the hydration shell surrounding K" is majorly less than
45°, indicating that most water molecules are strongly aligned
with preference of their dipoles pointing oppositely to its
hydrated K ion; when pore size is no less than 0.97 nm, water
located between the K ion and the pore wall is distorted, with
a larger averaged angle (about 60°). Considering the co-ion (Cl™)
at negative polarization (ESI, Fig. S101) in pores of 0.97 nm or
larger, the structures of the surrounding water molecules are
nearly identical to those in bulk region, as well as both have
a similar coordination number of 6.6. This aligns with the
screening of the charged electrode by counter-ions and water so
that most co-ions lay far from the pore surfaces.

We further investigated the state of water around a Cl™ ion
confined in a positively polarized micropore. It can be observed
that regardless of the pore size, Cl™ ions prefer to be adsorbed to
the electrified pore wall comparing with K" ions (Fig. 3¢ and the
upper row of Fig. 4d) while their hydration shell becomes more

Paper

deformed with the pore size decreasing (lower row of Fig. 4d). In
terms of RDFs and CDFs, it could be found that the coordina-
tion numbers of water are about 5.5 for two small and fully
ionophobic nanopores (0.47 nm and 0.57 nm) and approxi-
mately 7.0 for the other larger pores. Thereby, except fully ion-
ophobic pores, water molecules in hydration shell get
rearranged without ion dehydration, since the coordination
number remains close to the bulk value. This phenomenon can
be found even in the absence of an applied potential, suggesting
that the hydration of the ClI” ion changes little by the nano-
confinement. Moreover, the angular distributions of water in
the first hydration shell has an averaged value of around 125°,
indicating that one H-O bond of the water rather than the revert
of water dipole points to the Cl™ ion (lower row of Fig. 4d). These
results imply a looser hydration shell of a CI™ compared with
that of a K" ion.

As the pore size increases, the pore becomes more ion-
ophilic so that ions are more willing to get into the pore even in
the absence of applied electrode potential (ESI, Fig. S87). In our
experiments, the value of ~1 nm seems to be the boundary of
pore size of micropores that whether they can be used for
desalination or not. Correspondingly in simulations, pores
with pore size obviously smaller than 1 nm are less ionophilic
(ESI, Fig. S8f) because the entering-ions would experience
confinement-caused dehydration in the aqueous solution. On
the other hand, the degree of confinement has a significant
impact on the dynamics of ions. Indeed, the diffusion coeffi-
cients of cation and anion inside a charged pore are much
lower than their bulk values (1.72 x 107° m? s™" and 1.32 x
107° m? s™' for Na* and Cl~, respectively). Also, as pore size
shrinks, the in-pore ions diffuse more slowly (ESI, Fig. S11+),
which can be attributed to their more deformed hydration
shells under stronger confinement (Fig. 4). However, the
structure of water in hydration shells shows a negligible
difference when the pore size exceeds 1.0 nm (Fig. 4 and ESI,
Fig. S9 and S10t).

3.3. Nuclear magnetic resonance spectroscopy

To correlate the predictions of the MD simulation on the ion-
ophobicity, we carried out 'H and **Na solid-state NMR after
having soaked the samples in aqueous 800 mM NaCl; we

a § ex-pore b § ex-pore
; in-pore in-pore
‘JL—%ACCOM H ACC-0.67 PNa
ACC-0.59 'H ACC-0.59 Na
o & 6 4 2 0 2 4 6 8 -0 4 2 0 2 4 6 8 -0 12 14

Chemical shift (ppm)

Chemical shift (ppm)

Fig. 5 Solid-state nuclear magnetic resonance spectra after soaking the samples in agueous 800 mM NaCl. (a) *H spectra. (b) 2*Na spectra.
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selected >*Na due to the experimental difficulties of observing
the low-sensitivity *°K nucleus, which is the only NMR-
observable isotope of potassium. For better comparability,
considering the influence of the particle size, we investigated
the spectra of the ACC samples. As seen from the H-NMR
spectra in Fig. 5a, all ACC samples show much narrower 'H
in-pore peaks relative to typical samples activated after crushing
pyrolytic carbon sludges. This is due to the fibers having
a narrow thickness distribution of modal width less than 100
um, allowing for very homogeneous activation. The peaks
become slightly broader with activation time due to small but
inevitable activation inhomogeneities. The **Na spectra show
that the amount of sodium very strongly decreases as the pore
size is decreased (Fig. 5b). The overall larger peak width of **Na
compared to "H results from faster transverse relaxation, which
could suggest slower sodium diffusion. Using the integral peak
intensities in Topspin Software, we see that the measured in-
pore sodium for ACC-0.59, ACC-0.67, ACC-0.88, and ACC-1.26
corresponds to 1%, 7%, 15%, and 23%, respectively, of the
total measured **Na signal for each sample. Therefore, the
proportion of the sodium ions that spontaneously enter the
pores is very small for the smallest pore sizes (i.e., they are
ionophobic), whereas this increases as the pore size is
increased. The strong decrease in sodium in sub-1-nm pores is
in alignment with a recent study by Cervini et al.** and agrees
with our modeling results.

4. Conclusions

We have investigated the performance of water desalination by
micropores (including subnanometer pores) in aqueous media
with high molar strength by both modeling and experiment. In
contrast to the state-of-the-art CDI techniques, our results
demonstrate the ability of subnanometer pores for permse-
lective counter-ion electro-adsorption. This ability enables the
use of such carbon electrodes without the need for an ion
exchange membrane for CDI of saline media with seawater
concentration levels of dissolved ions, as documented for KCl
and NaCl in this work. This ability is lost once the pore size
approaches and exceeds the 1 nm-range. Molecular dynamics
simulations revealed that as the pore size of the electrode
decreases, the pore becomes more ionophobic and the ion
electrosorption mechanism shifts from non-permselective ion
swapping to permselective counter-ion electro-adsorption,
increasing the charge efficiency and desalination capacity of
the system. In particular, the fully ionophobic pores exhibit
complete permselectivity of counter-ions. These phenomena
reflect the in-pore electrical double layer, especially the struc-
tures of water in the hydration shell of an ion. The increased
ionophobicity with small size also aligns with the work that
studied polyether-ether-ketone-derived small micropores via
NMR spectroscopy (ref. 35) and our own NMR results. The
findings reported here render a new path for CDI of saline water
and briny water and call attention to turn again to porous
carbons for CDI, based upon the permselective ion electro-
sorption of subnanometer pores.

This journal is © The Royal Society of Chemistry 2020
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1. Data for the molecular dynamics simulation setup

Table S1. The number of ion pairs (nion pair) and water molecules (Nwater) in €ach molecular

dynamics (MD) simulation system.

Pore size (nm) Nion  Nwater

pair

0.42 163 4522
0.44 168 4661
0.47 171 4732
0.5 172 4788
0.53 174 4836
0.57 178 4953
0.59 180 4991
0.62 181 5040
0.65 185 5150
0.77 197 5469
0.97 212 5892
1.17 230 6401
1.37 246 6818
1.57 263 7300
1.77 278 7735
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2. Characterization of carbons and cell setup

«— Reference electrode
Graphite

current collector
Gasket

e

Carbon electrode
e e m—— s

Feed water B

Carbon electrode

Activated carbon cloth (ACC) Activated carbon (AC)

Figure S1. Schematic view of the CDI cell and scanning electron micrographs of carbon

electrode materials.
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Figure S2. Differential pore size distribution. Data are obtained from nitrogen gas sorption
isotherms at -196 °C, calculated by applying quenched solid density functional theory (QSDFT)

and assuming pores have slit shape.

Table S2. Specific surface area (BET and DFT), total pore volume, and volume-weighted pore

size of ACC-0.59, ACC-0.67, ACC-0.88, ACC-1.26, and AC-1.34.

SSABET SSADFT Pore volume d,. d, d. d,-d,
(m?/g)  (m?/g) (cm3/g) (nm) (nm) (nm) (nm)
ACC-0.59 916 1032 0.34 0.55 0.59 0.68 0.12
ACC-0.67 1478 1550 0.56 0.45 0.67 0.86 0.41
ACC-0.88 2070 1876 0.81 0.64 0.88 1.19 0.55
ACC-1.26 2794 2191 1.22 0.89 1.26 1.61 0.72
AC-1.34 2104 1756 1.00 0.86 1.34 1.80 0.94




Table S3. CHN-O elemental analysis of ACC-0.59, ACC-0.67, ACC-0.88, ACC-1.26, and AC-1.34

(unit: mass%). “n.d.” demarks values below the detection limit of the system (“not detectable”).

c H N o
ACC-0.59 >94 n.d. <1 <6
ACC-0.67 >96 <1 <0.1 <2
ACC-0.88 >96 <2 <0.2 <2
ACC-1.26 >96 <1 n.d <3
AC-1.34 >95 <1 n.d <4
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3. Desalination performance measurements with aqueous NaCl solution
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Figure S3. CDI measurement for ACC-0.59 carbon cloth in 800 mM NaCl. a, Concentration

change (relative to 800 mM) and pH profile. b, Galvanostatic charging and discharging for the

working electrode (red line) and counter electrode (blue dash line). ¢-d, Desalination capacity

(c) and charge efficiency (d) profile at each cycle.

= — 002V = — 002V = — 002V
£ — 004V T 3] —004V E 3] —0-04V
s 0-0.6V s, 0-0.6V s 0-06V
g —o0-08v 2 — 008V g — 008V
2 —o10v 2 2 4] — 010V
[*] [%] (%]
[ [ [
s S 2
= = =
Il Il Ll
5 - 5 - 5 14
c (= =
3 @ o
Q. (£ Q.24
3 ACC-0.59 s ACC-0.67 5 Acc-0.88
O 34 ’ LE : O .3 :
0 100 200 300 400 00 600 700 0 100 200 30 400 500 600 700 0 100 200 300 400 500 600 700
Time (s) Time (s) Time (s)

= —0-0.2V = —0-0.2V

E 3 — 004V E 3 —0-04V

“é , LJ'-thi\-'g , 0-0.6V

= — 008V 2 —0-0.8V

s, — 010V E | —0-1.0V

o o

H EM’ R T e ———

[ g 4]

E =

(-] @

Q .2 Q .2

E ACC-1.26 E AC-1.34

O 3 e O 3. .

100 200 300 400 500 600 700 100 200 300 400 500 600 700
Time (s) Time (s)

Figure S4. Representative concentration change pattern for different carbon electrode

materials in 800 mM NaCl.
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4. Basic electrochemical characterization

To determine the basic electrochemical properties of ACC electrodes in 2 M KCl system, half-
cell characterization was carried out with a custom-built cell using spring-loaded titanium
pistons. To assemble the cell, a 12 mm diameter disk of the ACC electrode material (around
20 mg) was cut and employed as the working electrode. 13 mm diameter of glass fiber mat
(GF/A, Whatman) was employed as the separator. As for the counter-electrode, a free-standing
YP-80F/PTFE 95:5 electrode (thickness: 650 um) was used. 12 mm diameter of graphite foil
was applied as current collectors. The aqueous 2 M KCI solution was inserted into the cell by
vacuum filling with a syringe, and an Ag/AgCl reference electrode (3 M KCl, BASi) was located
at the side of the cell body and assembled close to working electrode and counter electrode.

The cell was characterized by using VSP300 potentiostat/galvanostat (Bio-Logic). For cyclic
voltammetry, the cell was cycled between -0.5V and +0.5 V vs. Ag/AgCl at the scan rate of
1 mV/s. For galvanostatic charge/discharge, the specific current of 0.1 A/g was applied to the
electrode with potential applied from 0 V vs. Ag/AgCl to the cut-off potentials of +0.2 V, +0.4 V,
+0.6 V, +0.8V, and +1.0V vs. Ag/AgCl (ten cycles for each potential range). The specific

capacitance of the electrode is calculated according to Eq. S1.

1t
Cspecific = ﬂftf Idt (Eqg. S1)
where U is the voltage difference during the discharge process (excluding the Ohmic drop), m
is mass of the working electrode, t;-t1 is the discharge time interval, and / is the applied

discharge current.

a b
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Figure S5. Cyclic voltammogram measurements. Performed at 1 mV/s for five carbon
electrodes in 2 M KCI water solution. ACC and AC carbons are applied as working electrodes,
and YP-80F+5% PTFE electrodes are applied as counter electrodes. a, normalized to specific

surface area; b, normalized to electrode mass.
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5. In-pore ions under different polarizations
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Figure S6. Time evolution of the number of cation and anion in the positively charged
micropores. The applied voltage between the positive and negative electrode is set to 1.0 V.
Dark red and blue solid lines are, respectively, results for the cation and anion at 2 M
concentration. Yellow and light blue dashed lines are for cation and anion at 0.5 M
concentration. These results are evaluated on-the-fly during the charging simulations of each

micropore.
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Figure S7. Molecular understanding of ion permselectivity by micropores at 1.5 V. a, Time
evolution of the number of cation and anion in the negatively charged micropores. Dark red
and blue solid lines are, respectively, results for the cation and anion at 2 M. Yellow and light
blue dashed lines are for cation and anion at 0.5 M. These results are evaluated during the
charging simulations of each micropore. b, Charge efficiency, as a function of pore size. Red
solid and dashed lines with triangle markers represent results of micropores in aqueous 0.5 M

and 2 M KCl solutions, respectively. Blue dashed line with squares: 2 M NaCl solution.
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Figure S8. Normalized in-pore ion density at PZC. The in-pore ion density is scaled by bulk ion

density. Solid and dash lines are, respectively, for the cation and anion at 2 M.
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6. Water distribution surrounding ions in bulk and inside large pores
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Figure S9. Structure of hydration shells of counter-ions in >1 nm polarized micropores. a-b,
Radial distribution function, g(r) (solid lines, left Y-axis), and cumulative distribution function,
n(r) (dashed, right Y-axis) of hydrated K* ions (left panel) and Cl-ions (right panel) in negatively
and positively polarized pores, respectively. Black dot lines are results for ions in bulk
simulations. c-d, Pseudo-2D number density distributions and orientations of water molecules
around an ion in micropores of 1.37 nm and 1.77 nm; the upper two rows and the lower two
are results (first number density, then orientation distributions) for water around a K* ion
under negative polarization and for water around a Cl" ion under positive polarization,
respectively. X = 0 corresponds to the central position of the pore.
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Figure S10. Structure of hydration shells of co-ions in polarized micropores. a-b, Radial
distribution function, g(r) (solid lines, left Y-axis), and cumulative distribution function, n(r)
(dashed, right Y-axis) of hydrated K* ions (left panel) and Cl- ions (right panel) in positively and
negatively polarized pores, respectively. Black dot lines are results for ions in bulk simulations.
c-d, Pseudo-2D number density (upper panel) and orientation (lower panel) distributions of
water molecules around a co-ion in micropores of different pore sizes under positive and
negative polarizations, respectively. We show K* ion (c) in positively charged pores and Cl" ion

(d) in negatively charged pores. X = 0 corresponds to the central position of the pore.



7. Dynamics of ions inside charged pores
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Figure S11. In-pore ion diffusion. Self-diffusion coefficients of cations and anions in negatively

and positively charged pores, respectively. The voltage applied between the positive and

negative electrode is set at 1.0 V.
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lonophobicity of carbon sub-nanometer pores
enables efficient desalination at high salinity

Yuan Zhang,'? Christian Prehal,® Huili Jiang,*® Yang Liu,"? Guang Feng,*>* and Volker Presser’2¢/.*

SUMMARY

Electrochemical seawater desalination has drawn significant atten-
tion as an energy-efficient technique to address the global issue of
water remediation. Microporous carbons, that is, carbons with
pore sizes smaller than 2 nm, are commonly used for capacitive
deionization. However, micropores are ineffective for capacitive
deionization at high molar strength because of their inability to
permselectively uptake ions. In our work, we combine experimental
work with molecular dynamics simulation and reveal the ability of
sub-nanometer pores (ultramicropores) to effectively desalinate
aqueous media at seawater-like molar strength. This is done without
any ion-exchange membrane. The desalination capacity in 600 mM
reaches 12 mg/g, with a charge efficiency of 94% and high cycling
stability over 200 cycles (97% of charge efficiency retention). Using
molecular dynamic simulations and providing experimental data,
our work makes it possible both to understand and to calculate
desalination capacity and charge efficiency at high molar strength
as a function of pore size.

INTRODUCTION

With industrialization and human population growth, the lack of fresh water has
become a global issue.” About 98% of the water in the world is seawater or brackish
water; therefore, efficient water desalination techniques are of great importance.”
Many desalination techniques are applied in practice, such as distillation,”” reverse
osmosis,”® and electrodialysis.” Electrochemical desalination via capacitive deion-
ization and desalination batteries has the potential for energy-efficient water reme-
diation and tailored ion separation.842 Capacitive deionization (CDI) uses low-cost
carbon material electrodes and allows high energy efficiency and a high desalination
rate, yet CDI remains restricted to desalination at a low salt concentration, such as
found in brackish water.>'? The inability of CDI to accomplish desalination at high
molar strength is linked to the permselectivity failure and decrease of charge effi-
ciency, where non-permselective ion exchange processes dominate the charge stor-
age mechanism.'*

CDI cells commonly apply a pair of porous carbon films as the positive and negative
electrodes. As salt-containing water flows between the electrode stack, cations and
anions are electroadsorbed when the electrodes are being charged; thereby, a
stream of desalinated water exits the CDI cell.”” lon electrosorption is an interfacial
process. Thus, high desalination performance is enabled by electrodes with large
pore volume/surface area, such as activated carbons,'® graphene-based mate-
rials,’”” or carbide-derived carbons.'® Highly microporous carbons provide a large
pore volume, but ions in the micropores during the uncharged state present an
issue to the application of CDI.'” During the charging process within the
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electrochemical-potential stability window of water, counter-ions enter the pores to
decrease the feed water concentration, and co-ions are ejected from the pore,
contributing to a smaller concentration decrease. In solutions with higher salt con-
centrations, the number of ions initially present inside the pores is higher. During
charging, more co-ions are ejected, and fewer counter-ions are adsorbed in the

pores, which leads to little concentration change of the feed water.'%*°

The CDI process can become more permselective when adding one or multiple
ion-exchange membranes (MCDI), thereby trapping co-ions and enhancing the
desalination metrics.'® Although most studies have focused on low concentra-
2122 our past work applied MCDI in 600 mM NaCl to achieve a desalination

capacity of 25 mg/g at a potential range of —1 to +1 V'’; works such as ours and
10,23
““n

tions,

others show the possibility of applying MCDI for seawater desalination.
desalination batteries,”>*?*
terials, such as metal oxides,’” hexacyanoferrates,”® MXenes,?® redox-electro-

2827 or alloying materials.*” More recent approaches

carbon electrodes are replaced by charge-transfer ma-

lytes,?” conversion materials,
include electrocatalytic processes.>’*? Although implementing CDI with ion-ex-
change membranes or charge-transfer materials is an effective way to improve
desalination performance, it involves additional material costs and complicates
electrode fabrication.

Recently, we have shown that carbon electrodes with tailored sub-nanometer pores
show an increased ability to accomplish desalination even at higher molar
strength.® In this way, without requiring expensive ion-exchange membranes or
charge-transfer materials, desalination is accomplished by a low ion population
inside small carbon pores in the uncharged state; thereby, less ion exchange (unde-
sirable) and more permselective (desirable) ion uptake is enabled. Yet a robust un-
derstanding of the pore size dependency of both charge efficiency and predicted
desalination capacity is still missing. To eliminate the belief that CDI is unsuitable
for seawater desalination, convincing experimental data are also needed to show
robust desalination performance.

Our present work shows the ability of ultramicroporous carbons with sub-nano-
meter pore sizes to afford a stable and high desalination capacity of 12 mg/g in
aqueous 600 mM NaCl at a charge efficiency of 94%. Such performance values
are highly comparable with what many microporous carbons deliver at low molar
strength (e.g., activated carbon cloth at 5-20 mM: up to 16 mg/g with a charge
efficiency of up to 80%-90%).%%° As the pore size dispersity of most activated car-
bons makes it impossible to notice the strong dependency of desalination perfor-
mance on pore sizes, we have developed a calculation tool that uses pore size dis-
tribution data from gas sorption analysis (GSA) and simulation data by applying an
interpolation method to predict the desalination performance of a material. With
this calculation tool, we vastly advance previous work, such as the “direct predic-
tion of the desalination performance of porous carbon electrodes for capacitive
deionization.”*® Our theoretical calculation of desalination performance on the ba-
sis of the pore size distribution of carbon materials is extended to 600 mM NaCl
and also includes the calculation of charge efficiency in addition to desalination
capacity.

Our combined work of experimental desalination and extensive simulation shows
that the ability to remove excess salt at high molar strength goes far beyond the
“anomalous capacitance increase” in supercapacitors that was explained by the
distortion of the solvation shell.*® The improved desalination performance can
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Figure 1. Schematics of possible ion electrosorption mechanisms during the desalination process
in high molar salt solutions

(A) Desalination in pore width of 0.6 nm.

(B) Desalination in pore width of 0.9 nm.

(C) Desalination in pore width larger than 1 nm.

(D) Schematic depiction of the molecular dynamics simulation model for ion electrosorption with a
pair of micropores during electric polarization.

be explained by the ionophobicity of sub-nanometer carbon nanopores at the
uncharged state, which is caused by the dehydration energy barrier for in-pore
ion adsorption rather than functional groups and specific adsorption, with impor-
tant implications for ion separation and energy storage. Molecular dynamics (MD)
simulations demonstrate the enhanced desalination capacity by sub-nanometer
pore ionophobicity caused by the significant energetic expense of ion
desolvation.

RESULTS

lon electrosorption mechanisms and characterization

Figures 1A and 1B schematically show possible ion electrosorption mechanisms in
sub-nanometer pores. The sub-nanometer pore size is comparable with the size of
the solvated ion; this confinement will result in incomplete double-layer structures
that cannot be explained by the Gouy-Chapman-Stern model.”’~*® The smallest
category of pores (0.6 nm; Figure 1A) is ionophobic; that is, the ions are required
to desolvate so that there are initially no ions inside the pores at the potential of
zero charge (PZC).*? lons would only (partially) desolvate and electroadsorb inside
the pores upon negative (or positive) polarizations. As the parasitic co-ion expulsion
phenomenon is not possible in initially empty 0.6 nm pores, there is more counter-
ion uptake compared with larger pores. Figure 1B shows the process in slightly
larger pores (0.9 nm). Here, some cations and anions are present inside the pores
already at the PZC. When the pore is negatively polarized, some Cl™ ions will be re-
jected while some Na™ ions enter the pore. Because of this non-permselective ion

Cell Reports Physical Science 3, 100689, January 19, 2022 3
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Table 1. Chemical analysis of the different carbon electrode materials ACC-0.59, ACC-0.96, and

AC-1.39
Hydrogen, Nitrogen, Oxygen, Ash content,
Carbon, mass% mass% mass% mass% mass%
ACC-0.59 93.4 +£ 0.6 1.0 £ 0.0 0.6 £ 0.0 4.0+ 0.3 <2
ACC-0.96 95.5 + 1.0 1.1+ 0.0 0.7 £ 0.1 41+1.0 <2
AC-1.39 96.1 £ 0.4 0.6 £ 0.1 0.3 £ 0.1 2.7 £ 0.1 <2

swapping effect, the net charge uptake is less than in the 0.6 nm pore. For pores
larger than 1 nm, the in-pore counter-ion and in-pore co-ion concentrations further
increase at the PZC. Co-ion repulsion to the bulk electrolyte would further increase,
and the total net ion removal would be close to zero for a high molar bulk
electrolyte.*®

The molecular simulation allows the study of correlations among pore size, ionic
strength, and the underlying electrosorption mechanism; thereby, it is possible to
quantify the achievable desalination performance. Figure 1D shows a three-dimen-
sional model of the MD simulation schematically. The two pairs of 6.33-nm-long
graphite pores contact the 600 mM NaCl bulk aqueous electrolyte and represent
the positively and negatively polarized slit pores (where the d-value corresponds
to the slit pore width). With this model, the dynamic process of ion electroadsorp-
tion, ion exchange, and the permselectivity properties of carbon pores can be simu-
lated. Figure S1 depicts the characterization of two activated carbon cloths (ACC)
with different average pore sizes (ACC-0.59 and ACC-0.96). The values 0.56 and
0.98 stand for the average pore sizes (in nanometers) according to gas sorption
analysis. The pore size difference is caused by different degrees of the activation
process. Figures STA and S1B shows the scanning electron micrographs of the struc-
tures of two materials. As seen from the chemical composition provided in Table 1,
there are no significant differences between ACC-0.59 and ACC-0.96. The non-car-
bon mass content for all materials is between 4 mass% and 7 mass%. For ACC-0.59
and ACC-0.96, the functional groups are dominated by acidic groups such as
carbonyl and carboxylic groups.*’

Figures S1C and S1D show the gas sorption isotherm and pore size distribution of
the two materials at 87 K (data adapted from Bi et al.'®). The analyzed pore structure
data are shown in Table 2. Compared with ACC-0.59, ACC-0.96 is more activated
and has more interpore volumes, higher pore volume, and a larger average pore
size compared with ACC-0.59.

Experimental desalination performance

Desalination performance was evaluated by applying ACC-0.59 and ACC-0.96 acti-
vated carbon cloth electrodes. Using the same desalination parameters (i.e., flow
rate, specific current, galvanostatic potential holding time, and electrode thickness),
we quantified the desalination performance of the different electrode materials in 5,
20, and 600 mM NaCl aqueous electrolytes. Figures 2A and 2B shows the effluent
concentration profile normalized by the surface area of carbon materials during a
galvanostatic charging and discharging cycle using ACC-0.59 and ACC-0.96 in
NaCl solutions with different concentrations. For ACC-0.59, the CDI cell shows the
most significant concentration change in the 600 mM NaCl solution. As the concen-
tration decreases to 20 and 5 mM, the amplitude is significantly smaller. This indi-
cates that the ionic strength of the electrolyte has a significant influence on the
ion electrosorption process in ACC-0.59. For ACC-0.96, on the contrary (Figure 2B),
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Table 2. Gas sorption analysis with nitrogen gas at —196°C for ACC-0.59,"® ACC-0.96, YP-80F
(AC-1.39) activated carbon and titanium carbide-derived carbon (CDC-0.57) using the quenched
solid density functional theory (QSDFT) and the Brunauer-Emmett-Teller theory (BET)

SSA SSA DFT total pore Average pore
BET, mz/g DFT, mz/g volume, cm3/g size dsg, nm
ACC-0.59 916 1032 0.34 0.59
ACC-0.96 2209 1940 0.89 0.96
AC-1.39 2598 1631 1.03 1.39
CDC-0.57 1056 1268 0.40 0.57

Average pore size refers to the volume-normalized value dsg. SSA, specific surface area.

the amplitude of concentration change decreases as the ionic strength of the elec-
trolyte increases. When comparing the two types of electrodes in 600 mM molarity,
ACC-0.59 shows a much higher concentration change amplitude than ACC-0.96.
ACC-0.59 and ACC-0.96 in 600 mM NaCl show different desalination abilities,
although ACC-0.96 has a larger average pore size that is beneficial for ion transpor-
tation, and ACC-0.59 with an average pore size smaller than the solvated ion sizes
shows significantly higher ion removal ability. The comparison between ACC-0.59
and ACC-0.96 in different molarities is provided in Figure S2A. It shows that
ACC-0.59 with a smaller average pore size has more efficient desalination
ability in 600 mM solution under the same processing condition compared with
ACC-0.96.

In Figure 2C, the desalination capacities and charge efficiencies are compared. For
ACC-0.59, the desalination capacity and charge efficiency are both low at 5 mM
molarity. As the electrolyte concentration increases to 20 mM, the desalination ca-
pacity and charge efficiencies significantly improve. In 600 mM NaCl electrolytes,
the desalination capacity reaches 12 mg/g, and the charge efficiency is 94%, which
are the highest value found in this study. To the best of our knowledge, itis also by far
the highest performance of carbon materials in 600 mM high molar strength without
an ion-exchange membrane because of its high ion permselectivity that results in
higher charge efficiency in sub-nanometer pores.

To prove the pore size effect on water desalination for the carbon materials with
different morphology and pore curvatures, the desalination performance in
600 mM NaCl of commercially available activated carbon (YP-80F, Kuraray; abbrevi-
ated as AC-1.39)*>** and titanium carbide-derived carbon (TiC-CDC; abbreviated
as CDC-0.57)*"%"*is provided in Figure S2B. AC-1.39 has more phenolic functional
groups, while CDC-0.57 has more Cl™-containing species.*® The gas sorption data
for these carbon materials are provided in Table 2. Although the activated carbon
has an average pore size of 1.39 nm (pore volume 1.03 cm3/g), carbide-derived car-
bon has a much smaller average pore size of only 0.57 nm (pore volume 0.40 cm*/g).
Thus, CDC-0.57 and ACC-0.59 are very similar, but the latter has a much sharper
pore size distribution. Accordingly, we see CDC-0.57 has a slightly lower desalina-
tion capacity (10 mg/g) and charge efficiency (74%) compared with ACC-0.59
(12 mg/g and 94%). These data show that the importance of sub-nanometer pores
for the CDI process at high molar strength is not limited to activated carbon cloth.
Also, in agreement with the lowered permselectivity of larger micropores, AC-
1.39 is not suitable for CDI at 600 mM molar strength.

When the average pore size of the carbon material increases to about 1.0 nm (ACC-
0.96), the electrode’s permselectivity is less pronounced. Thus, the charge efficiency
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Figure 2. Desalination performance of ACC-0.59 and ACC-0.96 in different concentration of NaCl
aqueous solutions

(A) Concentration variation of ACC-0.59 electrode in different molar strength. Galvanosatitic
charging/discharging was used with a specific current of 0.1 A/g. A 20 min potential holding period
was used.

(B) Concentration variation of ACC-0.96 electrode in different molar strength.

(C) Desalination capacity and charge efficiency of both materials in different molar strength.

(D) Energy consumption of the two materials in different molarities.

(E) Kim-Yoon plot for the two materials in different molarities.

(F and G) Desalination capacity (F) and (G) charge efficiency for ACC-0.59 under 1, 1.2, and 1.4 V
throughout 200 cycles.

of the electrode in different electrolytes decreases as the molarity increases. This
phenomenon is caused by the increased ion number in the micropores when the
cell is not charged, which results in stronger ion swapping under polarization. The
desalination capacity of ACC-0.96 in 5 mM NaCl solution is slightly higher than
that in ACC-0.59. Under low ionic strength, counter-ion adsorption is generally
more dominant than co-ion exclusion, as the in-pore ion concentration at the PZC
is low.*” Therefore reasonable desalination capacities are possible in all carbons.
Contrary to the 600 mM solution, there is no enhanced uptake of counter-ions,
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because of the ionophobicity in ACC-059. A further experimental factor is the slow
ion diffusion in ACC-0.59 with 5 mM NaCl. Within the 20 min holding time, ACC-0.59
in 5 mM NaCl did not reach the maximum ion uptake capacity. The ion diffusion re-
sistivity for smaller pores is higher than that in larger pores; because of the stronger
ion diffusion ability in larger pores, ACC-0.96 shows higher desalination abilities in
5 mM NaCl.** Compared with ACC-0.59, the desalination capacity of ACC-0.96 is
reasonably constant for different salt concentrations, with a maximum value for
the 20 mM electrolyte.

The energy consumption of the desalination process per removed ion at different
ionic strengths is given in Figure 2D. At the high molarity of 600 mM, ACC-0.96
shows higher energy consumption than ACC-0.59 because of the weakened perm-
selectivity that causes ions with opposite charges to be exchanged in the pores. At
5 mM concentration, the energy consumption of ACC-0.96 is lower than ACC-0.59
because of less significant or no desolvation of the ions upon entering the pore of the
former.

The desalination Ragone plot (also known as the Kim-Yoon plot) is shown in Fig-
ure 2E. Among all studied concentrations, ACC-0.59 in 600 mM offers the highest
desalination capacity and desalination rates. As the salt concentration decreases,
the performance of ACC-0.59 goes down. ACC-0.96 has the lowest desalination
capacity and rate in the 600 mM electrolyte. In the 5 and 20 mM electrolytes,
the desalination rate in the 20 mM NaCl electrolyte is slightly higher. For an elec-
trochemical desalination process, the charging/discharging time should be neither
so short that the material is not fully charged/discharged nor so long that the desa-
lination process is inefficient. Figure 2E indicates suitable holding times during a
desalination experiment. For example, for ACC-0.59, it is sufficient to have
10 min holding time for desalination at a molarity of 600 mM. However, at a lower
concentration, this holding time can be shorter as the feedwater concentration
decreases.

Cell voltage strongly influences performance stability in CDI. As shown in Figures 2F
and 2G, electrochemical desalination with ACC-0.59 electrodes was conducted at
cellvoltages of 1.0, 1.2, and 1.4 V. Although increasing cell voltage usually enhances
desalination capacity, it may yield accelerated electrode aging and performance
degradation.® Performance degradation during cycling at cell voltages above the
water stability window (1.23 V) leads to oxygen/hydrogen evolution, causing surface
oxidation and the loss of microporosity.”” As shown in Figures 2F and 2G, at 1.0 V
polarization, the desalination capacity is 12 mg/g with a charge efficiency of 94%.
The desalination performance remains stable, even after 200 cycles (12 mg/g,
91% at the 200th cycle). While increasing potential difference bias to 1.2V, the initial
desalination capacity of ACC-0.59 increased to 13.3 mg/g. Because of water split-
ting and surface oxidation under such cell voltage, the charge efficiency decreased
to about 80% during the first 10 cycles. With further cycling, desalination capacity
and charge efficiency decreased to 8 mg/g and 48%, respectively. At a cell voltage
of 1.4V, the initial desalination capacity reached 18.6 mg/g at a charge efficiency of
about 80%, because of the stronger electric force. Increased water splitting and sur-
face oxidation reactions reduce desalination performance to 3.1 mg/g and 13% after
200 cycles.

Molecular dynamics simulation of in-pore ion processes
To mechanistically understand capacitive deionization performance as a function of
pore size, we performed MD simulations with a 600 mM NaCl aqueous electrolyte
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Figure 3. Molecular dynamics simulations of the dynamic change of in-pore ion species under 1V
cell voltage

(A) Numbers of Na* and Cl~ in pores of sub-nanometer sizes. Error bars were obtained from four
simulations.

(B) Numbers of Na* and Cl~ in pores from 1 to 3nm. Error bars were obtained from four simulations.
(C) Calculated in-pore Na™ uptake and Cl~ release concentration, salt concentration at the
potential of zero charge, net charge concentration, and salt uptake concentration. Values with error
bars were obtained from the data of the last 2 ns from (A) and (B).

(D) Calculated desalination capacities and charge efficiencies in pores of different sizes. Time-
dependent ion concentration evolution with error bars were obtained from four simulations.

under an electrode potential difference of 1 V. The MD simulation uses the constant
potential method,? as also outlined in more detail in the Experimental procedures.

Time-dependent ion concentration development in negatively charged pores with
different sizes are shown in Figures 3A and 3B (1 V cell voltage in 600 mM NacCl).
At t = 0 ns, the Na™ and CI™ ion number in pores below 0.77 nm is almost zero.
Hence, except for water molecules, pores smaller than the hydrated ion size remain
empty in the uncharged state. During negative polarization, the concentration of
Na™ ions is increased over time, and Cl~ exclusion is impossible. Among all sub-
nanometer pores, pores with size about 0.77 nm adsorb most additional counter-
ions. As pore size increases to 0.97 nm, a significant number of Na* and CI~ ions
are already present at the PZC; during negative polarization, some CI~ exclusion
can be observed. As pore size increases from 1.37 to 3.0 nm, the number of ion pairs
in the uncharged state increases. During negative polarization, the fraction of CI™
exclusion increases relative to Na* adsorption.

Figure 3C shows the ion/salt concentration inside the pores at the end of the
charging process in Figures 3A and 3B. The Na* uptake and CI™ release
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concentrations are the concentration changes between the charged and uncharged
states. Salt uptake is calculated by subtracting the CI™ ion release from Na* uptake.
The in-pore Na™ concentration minus the in-pore Cl~ concentration in the charged
state corresponds to the net charge concentration (density). Below 0.77 nm, net
charge concentration, Na* concentration, and salt uptake increase as pore size be-
comes larger. This aligns with the decreased energy demand for ion desolvation for
larger pores. When pore size is larger than 0.77 nm, both cations and anions can
enter the pore already at the PZC, and co-ion rejection becomes a limiting factor
for salt uptake. As pore size increases further from 0.97 to 1.37 nm, CI™ ion release
during negative polarization becomes more pronounced because of increasing salt
concentration at the PZC. Because of the limited capacitance (and hence ionic
charge) of a given slit pore, increased Cl™ ion release leads to a decrease in Na™ up-
take. Consequently, total salt uptake decreases dramatically as pore size increases
from 0.97 to 3 nm.

From an energy storage point of view, an increased net charge density is observed
when pore size decreases from 3 to 0.77 nm, and it decreases when pore size de-
creases from 0.77 to 0.47 nm. In 2006, Chmiola et al.*® described an anomalous
capacitance increase at pore size less than 1 nm, which is associated with the distor-
tion or (partial) loss of the solvation shell. The screening of the Coulomb repulsion of
in-pore ions by the conductive pore walls allows an increased ion number to popu-
late pores smaller than 1 nm.*?=>" The enhancement of the CDI capacity in the small-
est pores found in this work goes beyond this anomalous capacitance effect and is
related to the ionophobicity at the PZC. The counter-ion concentration slightly in-
creases when pore size is decreased from 3 nm to about 0.77 nm. It decreases
dramatically when pore size goes down further from 0.77 to 0.47 nm when ion des-
olvation is required during the charging process. On the other hand, a continuous
decrease of in-pore co-ion concentration is observed when pore size is decreased.
The capacitance increase (counter-ion concentration minus co-ion concentration)
from 3 nm to about 0.77 nm is caused primarily by the changing number of in-
pore co-ions rather than counter-ions.

Figure 3D shows the simulated charge efficiency and calculated desalination capac-
ity of pores at different sizes. Smaller sub-nanometer pores have a much higher
charge efficiency (close to 100%) due to the more pronounced ionophobicity, which
increases as pore size decreases.’” However, desalination capacity becomes lower
at pore sizes below 0.77 nm, which is due to the higher desolvation energy for sol-
vated ions to enter the smaller pores.*® Desalination capacity reaches a maximum
of 42 mg/cm? at 0.77 nm before it decreases significantly to 1.8 mg/cm? for larger
pores. Above 3 nm, the in-pore salt concentration in the charged state and at the
PZC remains constant. This implies that desalination capacity and charge efficiency
approach constant values at a very low, non-zero level. Figure S3A compares the
experimental desalination capacity data from our previous work™ and the charge ef-
ficiency data from this work. The calculated desalination performance at different
pore sizes for the porosity of ACC-0.59 is plotted in Figure S3B. Although the works
show a similar trend, the finding of a pore size effect on desalination performance
requires more reliable quantification, especially in seawater molar strength in which
ionophobicity plays a vital role.

To better understand the effect of pore size on desalination at a molecular level, we
modeled the double-layer structures and calculated the potential distributions in
pores of different sizes under 1V polarization (Figure 4). When pore size is smaller
than 3 nm, the extension of the opposed electric double layers (EDLs) at the pore
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Figure 4. Simulated ion and water distributions in pores under positive polarization, point of zero
charge, and negative polarizations

(A) lon distributions in pores between 0.47 and 3 nm.

(B) lon and water density distributions and potential distributions in pores between 3 and 10 nm,
under positive polarization. X = 0 corresponds to the wall of the pores. For negative and positive
polarization, the potential bias between both electrodes is 1 V. The number density of water is
scaled by 1/80.

walls will overlap. This explains the stronger dependency of ion distributions in sub-
nanometer pores (Figure 4A). In pores larger than 3 nm (Figure 4B), the EDL structure
is well established and stabilized with little overlapping, and in the pore center, the
ion concentration is nearly the same as the bulk ion concentration. Accordingly, the
ion and potential distributions across EDLs are no longer dependent on the pore
size.

The radial distribution functions (RDFs) and cumulative distribution functions (CDFs)
between in-pore ions and their surrounding water molecules (Figure S4) indicate that
the coordination number of water molecules of ions at 600 mM molar strength
changes with pore size. The coordination number of in-pore Na* ions at negative po-
larization is smaller in ionophobic pores (<0.77 nm; see also Figure S5). This indi-
cates that ion desolvation occurs mainly in ionophobic pores. Upon charging, the
negative polarization causes the counter-ions to overcome the desolvation energy
penalty so that Na* ions can enter the pore. Hence, the interplay between sub-nano-
meter pore smaller than the hydrated ion size and the high solvation energies of
alkali metal ions in aqueous solution could explain ionophobicity and the high
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desalination performance of ACC-0.59. Carbons below the hydrated ion size (Fig-
ure 3D) are ideal for high CDI performance: they are small enough to be ionophobic
at the PZC but large enough to accommodate a large number of counter-ions (next
to water molecules) upon charge.

On the basis of these findings and MD simulation results in Figure 3D, itis possible to
calculate the capacitive seawater desalination performance of porous carbon elec-
trodes (Data S1). With pore size distribution as input, and desalination performance
as output, on the basis of Figure 3D, the pore volume-weighted desalination capac-
ity and pores’ charge efficiency at each pore size/volume are calculated by applying
the interpolation relation between each simulated point. The total desalination per-
formance of porous carbon electrodes can be predicted by adding up the desalina-
tion performance contributions of pores of different sizes. The predicted desalina-
tion capacity and charge efficiency value of ACC-0.59 are 10 mg/g and 87%,
about 83% of the experimental calculated data (12 mg/g and 94%). The deviation
is within the error of the MD simulation (26% at a pore size of 0.57 nm). Snapshots
of MD models with different pore sizes are shown in Figure Sé.

DISCUSSION

In this combined experimental and modeling work, carbon materials with sub-nano-
meter average pore sizes are investigated for their desalination application in both
low and highly saline media. The pore size dependency of charge efficiency and
desalination capacity allows calculation of desalination performance for carbons of
specific pore size distributions. ACC-0.59, with an average pore size of about
0.6 nm, shows excellent desalination performance even at seawater-level molar
strength. MD simulations explain this unexpectedly high performance to stem
from the ionophobicity of pores smaller than 0.77 nm. As there are no ions present
in the pores at the PZC, the counter-ion uptake upon charge and the desalination
performance is large. Only upon charging, counter-ions strip off parts of their hydra-
tion shell and enter the sub-nanometer pores.

The desalination capacity of sub-nanometer pores shows a maximum at a pore size
of 0.77 nm (42 mg/cm?3). Hence, the ideal CDI pore size corresponds to pores small
enough to be ionophobic at the PZC yet large enough to take up a large number of
counter-ions upon charging. The charge efficiency is shown to be nearly 100% for
pores smaller than 0.57 nm, before it decreases significantly as pore size increases
from 0.77 to 3 nm. The ability of sub-nanometer carbon pores to accomplish efficient
desalination at the seawater concentration level dramatically enhances the practical
application portfolio of CDI to overcome a niche application existence.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to,
and will be fulfilled by, the lead contact, Volker Presser (volker.presser@leibniz-inm.
de).

Materials availability
This study did not generate new unique materials.

Data and code availability
The datasets generated in this study are available from the lead contact on request.
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Materials and reagents

NaCl (=99%) was obtained from Sigma-Aldrich. ACC-0.59 and ACC-0.96 activated
carbon cloths were obtained from Kynol. AC-1.39 was obtained from Kuraray. TiC
powder was purchased from Sigma-Aldrich.

Carbon materials and characterizations

We used commercially available novolac-derived activated carbon cloth (Kynol ACC
5092-10 and Kynol ACC 507-20) with thicknesses of 600 and 250 um as electrodes.
The carbon cloth was used without adding any binder or conductive additives.

TiC-CDC was synthesized by annealing TiC powder at 400°C in dry chlorine gas for
3 h; then the sample was treated in hydrogen gas at 600°C for 2 h to remove residual
chlorine species.” This sample is labeled CDC-0.57. Commercially available acti-
vated carbon YP-80F was used as received and is referred to as AC-1.39 in this
paper.*®

The AC-1.39 and CDC-0.57 electrodes were prepared by mixing the carbon parti-
cles with 10 mass% polytetrafluoroethylene (PTFE; Sigma-Aldrich) in ethanol. The
obtained homogeneous carbon paste was rolled in an electric hot rolling press
(MTI HRO1; MTI Corporation) to have electrodes with homogeneous thickness
(600 pm for AC-1.39 and 200 um for CDC-0.57). Afterward, the electrodes were an-
nealed at 120°C for 24 h in a vacuum furnace.

We conducted scanning electron microscopy for ACC-0.59 and ACC-0.96 using
a Zeiss Gemini SEM 500 at 1 kV. The samples AC-1.39 and CDC-0.57 were
characterized using a JEOL JSM 7500F field emission scanning electron microscope
at 3 kV.

Data for the pore structure were adapted from our previous work.*’>* In the previous
work, argon gas sorption analysis was conducted using an Autosorb iQ system at a
temperature of —186°C. The electrode sample was first degassed at 100 Pa
and +200°C for 1 h and then heated to +300°C for 20 h to remove residual surface
functional groups. The pore size distribution is obtained by applying quenched solid

density functional theory using a slit-shaped pore kernel.*

The CHNS-O measurement was conducted to obtain element-specific chemical in-
formation of the carbon’s functional groups. The amounts of H, C, and N were quan-
tified using a Vario MICRO Cube (Elementar Analysensysteme) and heating up
to +1,150°C at the combustion tube and +850°C at the reduction tube. The O con-
tent was quantified with an OXY cube elemental analyzer (Elementar Analysensys-
teme) at a pyrolysis temperature of +1450°C.

Desalination experiments

A symmetric full-cell configuration in batch mode was applied to test the desalina-
tion performance of the activated carbon material. In alignment with previous
work,*® the carbon cloth was cut into a pair of round disks 30 mm in diameter. A fixed
3 mm distance is set by the thickness of the middle channel with six glass fiber sep-
arators (Millipore) and four pieces of polyethylene terephthalate mesh placed be-
tween the two electrodes. The feedwater is pumped at a flow rate of 2.5 mL/min
to flow between the electrodes. The feedwater is cycled back to a 10 L reservoir
to minimize the concentration fluctuation between charging and discharging
processes.
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At the CDI cell outlet, the water’s ion concentration and pH change were recorded
using pH and conductivity sensors (Metrohm 856 conductivity, Metrohm 867 pH
Module). A Bio-Logic VSP-300 system was used to determine the electrochemical
performance of the CDI cell. Galvanostatic charging and discharging were per-
formed at a specific current of 0.1 A/g between O and +1, +1.2, and +1.4 V cell volt-
ages with a holding time of 20 min.

Desalination capacity was determined using Equation 1:

M. .

DC = (v Sa’t> /(ct —co)dt, (Equation 1)
Mtot

where M,,:is the molar mass of the salt, My is the total mass of the two electrodes, v

is the flow rate, and cpand c; are the initial outlet salt concentration and concentrate

of the feedwater at time t, respectively.

Charge efficiency was calculated according to Equation 2:

F x DCmO,

CER) = WVoxa

X 100% , (Equation 2)
where F is the Faraday constant (26,801 mAh/mol), DC,, is the desalination capacity
from Equation 1, and Qis the average of total charge (normalized to the total electrode
mass, mAh/g) stored/released during the desalination/recovering process.

The energy consumption of the CDI process in units of kT/ion (where T = 298 K and
kg is the Boltzmann constant) is calculated by dividing the capacitive energy stored
by the removed number of ions (Equation 3).

kT) _ 3600 1 Quruge * U (Equation 3)

Energy consumption (— =
9y p on kBT NA Nremoved

where U'is the cell voltage (V), Qcparge is the charge (Ah) stored during the desalina-
tion process, Nremoved is the amount of salt removed (mol), and N, is the Avogadro
constant.

Molecular dynamics simulations

The molecular dynamics simulation system consists of two slit-shaped pore electrodes
immersed in 600 mM NaCl aqueous solution. Three layers of graphene sheets were
used to model the walls of the electrode pore, and pore sizes were varied from 0.47
to 10 nm to cover a broad range of pore sizes in practical nanoporous carbon elec-
trodes. The pore length was set to 6.33 nm to ensure that the edge effect of the elec-
trode was not significant.?® Force fields for electrodes and aqueous NaCl electrolytes
are from Cornell et al.”®> and Smith and Dang,® and the SPC/E model®’ was chosen
for the water molecules. The modified MD simulation software on the basis of
GROMACS-4.6.7° was used for our simulation. To simulate the capacitive deionization
process, a constant potential difference was applied between the two electrodes.”® The
MD simulation was performed in an isothermal and equal-volume ensemble (NVT) using
the V-Resale temperature control method with a time step of 2 fs. The long-range elec-
trostatic interactions are calculated using particle-mesh Ewald (PME) algorithm. The
Fourier mesh spacing in reciprocal space is 0.1 nm, and the interpolation method is
B-spline interpolation of order four. A cut-off of 1.2 nm was used to calculate the
short-range electrostatic interactions and van der Waals interactions. The system was
first simulated at 800 K for 2 ns, then cooled to 298 K after a linear annealing process
of 5 ns, and then run at 298 K for 20 ns to achieve initial equilibrium. Next, a constant
potential difference between the two electrodes was applied to simulate the
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desalination process. Each group was simulated four times with different initial config-
urations to obtain reliable results from the simulation.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2021.100689.
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Figure S1: Material characterizations A) Scanning electron micrographs of ACC-0.59; B)
Scanning electron micrographs of ACC-0.96. C) Nitrogen gas sorption isotherms,
recorded at -196°C for ACC-0.59, ACC-0.96, CDC-0.57, and AC-1.39. STP =
standard temperature and pressure. D) Cumulative pore size distribution
obtained from QSDFT analysis of the gas sorption isotherm data. E) Scanning

electron micrographs of CDC-0.57; F) Scanning electron micrographs of AC-1.39.
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Figure S2: Concentration variations A) ACC-0.59 and ACC-0.96 electrodes in 5 mM, 50 mM,
and 600 mM aqueous NaCl solution. B) Comparison with the concentration
variation of commercially available activated carbon AC-1.39 and carbide-
derived carbon CDC-0.57 in 600 mM NaCl solution. Considering the different
surface areas of each carbon, the concentration variation is normalized to the

specific surface area (Table 2).
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Figure S4: Structure of the ion hydration shell in polarized micropores at 1 V cell voltage A)
Hydrated Na* ions. Radial distribution function, g(r) (solid lines, left Y-axis), and
cumulative distribution function, n(r) (n(r) = 4mp[ g(r)r?dr) in negatively

and positively polarized pores, respectively.; B) Hydrated Cl- ions.
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Figure S5:  Simulated ion and water distributions and potential distributions in pores under
positive polarizations between 3 nm to 10 nm. The value of x=0 corresponds to

the wall of the electrode.
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Figure S6: MD simulation snapshots of pores with different pore sizes at the charged state
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Subnanometer pores of carbon discriminate against ions based on their size. Capitalizing on such nuanced dif-
ferences enables ion separation via charge/discharge cycling during ion electrosorption. Different ion uptake
capacities in aqueous media with multiple, competing ions are also of high importance to understand capacitive
deionization of surface water or industrial process water. In our experiments, we observed divalent cations
sieving in pores smaller than 0.6 nm. By applying this phenomenon, a desalination cell with online concentration
monitoring was used to study the ion-selectivity. We concluded that in pores below 0.6 nm, divalent Mg?* and

Ca?" are entirely blocked, and the K* over Na* selectivity corresponds with their size ratio. Larger micropores
show a preference for divalent cations with higher charge numbers. In both materials, a dynamic monovalent
cation and divalent cation replacement dependent on the potential variation is observed.

1. Introduction

The increasing demand for freshwater and energy-efficient water
remediation technologies has intensified research on distillation, reverse
osmosis, electrodialysis, and capacitive deionization (CDI) [1]. CDI is
very attractive for ion removal due to its simple operation, low cost
(facile electrode regeneration), and fast response ion electrosorption
process [2-4]. While ion electrosorption itself applies to all sorts of
electrically charged species, special consideration needs to be applied
for aqueous systems that contain multiple anions or cations. On the one
hand, there are time-dependent effects. For example, Zhao et al.[5]
demonstrated the initial preference for removing sodium from saline
media via online monitoring of the effluent stream; however,
throughout the charging/ion removal process, all initially removed so-
dium is replaced by, for example, calcium within carbon nanopores. As
shown by Dykstra et al., there is also a kinetic difference in the removal
(and release) rate when comparing Na™ and K* ion electrosorption [6].
On the other hand, the equilibrium preference of anions and cations
compared to other ions also depends on the ratio between pore size and
ion size [7]. This aspect aligns with the pore size dependency of the
charge storage capacity known for aqueous (and non-aqueous) systems

but is more complex per the presence of competing ions [8-10].

A convenient way to selectively remove small ions is via sieving, that
is, applying a pore size large enough for the target ions to pass through
but too small for other ions [11]. For example, this ion sieving was
described by Segalini et al. [12] for carbide-derived carbons with a
narrow distribution of the pores (average pore size of 0.68 nm) [13].
Hawks et al. recently applied carbon with subnanometer pore size to
achieve nitrate removal from an anion mixture and obtained a high
selectivity of nitrate over sulfate and chloride [14]. While ion sieving is
useful for blocking the pathway of larger ions, such as Ca®*, Mg?*, or
SO%’, it is less useful for small ions separation, such as Li*, Na™, or K™
[7]. Hou et al. demonstrated that ion charge and ion size determine the
pore accessibility in mixed-ion electrolytes [15]. Therefore, divalent
cations preferentially screen the surface charge due to their high
valence, and small monovalent cations approach closer to the charged
surface [15]. Zhan et al combined density functional theory to investi-
gate the adsorption processes of alkali metal ions in carbon nanopores,
and found that cations with larger ionic radius are more favorable to
enter the nanopores due to a lower energy barrier of ion desolvation
[16].

Chemical modification of carbon also allows for achieving ion
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selectivity. For example, applying oxidized carbon cloth enhances the
selectivity of K* over Li" from ~ 1.0 to 1.8 [17]. Other approaches
combine oxidized and aminated carbon for selectivity towards divalent
cations [18], functionalizing carbon with quaternary amines to selec-
tively and passively trap nitrate ions [19], or apply ethylenediamine
triacetic acid to functionalize graphene to remove Pb?" ions selectively
[20].

The use of ion-exchange membranes also allows for ion selectivity
[21-24]. For example, Luo et al. studied ion selectivity of three types of
cation exchange membranes for both mono/monovalent and bi-/
monovalent cations and shows the cation selectivity of ion exchange
membranes is related to membrane conductivity and swelling degree.
Zuo et al. applied a coating based on quaternary amine functionalized
polyvinyl alcohol applied onto a carbon electrode and exhibited strong
selectivity of SO over Cl at CI:SO3 concentration ratios up to 20:1
[25]. Similarly, Kim et al. developed a Ca®" selective nanocomposite
coating to be applied onto the carbon electrode; thereby, they accom-
plished a Ca®" over Na™ selectivity of 3.5-5.4 at Na': Ca®* equivalent
concentration ratio from 10:1 to 1:1 [26].

While both the chemical modification and the adaptation of an ion-
exchange material are promising routes, they add extra synthesis steps
and additional costs. Therefore, a better understanding of the ion pref-
erence of carbon electrodes with sub-nanometer pore size is needed.
Herein, we applied a carbon cloth with sub-nanometer pore size to study
the ion sieving of monovalent and divalent cations and, for the first time,
the effect of long-term cycling [27] on the selectivity. We use on-line
concentration monitoring to observe the dynamic ion selectivity of
carbon materials with different average pore sizes and provide a better
understanding of ion-selective electrosorption.

2. Experimental description
2.1. Materials

The electrochemical measurements were carried out by using a
three-electrode cell for all electrochemical measurements [28]. As
working electrodes, we used as-received microporous activated carbon
cloth Kynol ACC-5092-10 and ACC-507-20 with thicknesses of 600 pm
and 250 um, respectively. For electrochemical measurements and
desalination, two layers of the 250 um electrode were used to
compensate for the two carbons’ different thicknesses. These materials
are referred to as “ACC-0.59” and “ACC-0.88" to reflect the intrinsic
average pore size of 0.59 nm and 0.88 nm. From the cloth, we cut the
disc with a 12 mm diameter and soaked it in the measured solution for
15 min under vacuum condition to remove the bubbles in the electrodes
before cell assembly.

The choice of ACC as the working electrode is motivated by the
narrow pore size distribution of novolac-derived activated carbon.
Further, ACC allows using binder-free, free-standing electrodes,
whereby any pore blockage caused by the binder’s presence is avoided
[9,29].

The counter electrode was made by mixing 5 mass% of polytetra-
fluoroethylene with activated carbon powder YP-80F (Kuraray) for a
free-standing film with a thickness of 650 um and a diameter of 12 mm
[30]. The counter electrodes have a mass three times higher compared to
the working electrode. We used a glass fiber mat (GF/A, Whatman) with
a 13 mm diameter as the separator.

2.2. Material characterization

Nitrogen gas sorption analysis (GSA) was conducted by a Quadrasorb
IQ system at — 196 °C and is controlled by a heated cryostat filled with
liquid nitrogen. The samples were first degassed at + 200 °C for 1 h and
then heated to + 300 °C for up to 20 h to remove the material’s func-
tional groups and humidity. The pore size distribution was obtained by
assuming a slit-shaped pore configuration and using quenched solid
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density functional theory (QSDFT), a good representation of the
microporous structure of carbon materials [31,32]. The average pore
size dsg was calculated by selecting half of the maximum cumulative
pore volume. The BET specific surface area (after Brunauer Emmett
Teller) was calculated within the linear pressure range of 0.05-0.3
[33,34].

To obtain the chemical information of the materials. CHNS-O mea-
surements were conducted. The chemical composition of H, C, and N
was analyzed by applying a MICRO Cube (Elementar Analysensysteme
GmbH) and heating up to + 1150 °C at the combustion tube and +
850 °C at the reduction tube. The oxygen content was quantified with an
OXY cube elemental analyzer (Elementar Analysensysteme GmbH) with
a pyrolysis temperature of 4+ 1450 °C.

Small-angle X-ray scattering (SAXS) was used to characterize the
pore structure of ACC-0.59 and ACC-0.88 (Supporting Information,
Fig. S3B) [35].

The nanoporous structure models shown in Fig. 1B were obtained
from the SAXS data using the Gaussian random field (GRF) method. GRF
uses a set of random fields to describe the structure of a two-phase
system in 3D coordinates consisting of randomly attributed fields
[36]. The random fields in GRF are randomly generated following four
parameters obtained by fitting SAXS data, where £ is related to the mean
pore size of the sample, d is accounting for the local correlation among
pores, o and B are for the specific pore volume [31]. In our case, we
employed the following parameters: £ = 0.250,d = 3.317, a = -1.043,
= 1.460 for ACC-0.59; &£ = 0.297, d = 11.487, a = -4.3477, p = 0.3255
for ACC-0.88.

Scanning electron microscope (SEM) characterization was conducted
to observe the microstructure of the carbon electrode materials. A field
emission electron microscope (JEOL JSM-7500F) was applied at the
operating voltage of 3 kV.

2.3. Electrochemical measurements

The schematic setup of the custom-made cell used in this work is
provided in Ref. [28]. Three-electrode cells, two half-cells with an Ag/
AgCl reference electrode, were used for the electrochemical character-
ization. The cells have a body made of polyether ether ketone, and there
are two titanium pistons (one of them is spring-loaded). Before cells
were assembled, the reference electrode was kept in a 3 M NaCl solution.
In this work, we used 1 M aqueous electrolyte with either LiCl, NaCl,
KCl, MgCl,, CaCly, or NiCl,. This concentration was chosen to avoid the
ion starvation phenomenon. Cyclic voltammetry, impedance spectros-
copy, and galvanostatic charging/discharging experiments were con-
ducted using VSP-300 potentiostat/galvanostat from Bio-Logic.

The cyclic voltammetry was conducted at a scan rate of 10 mV/s
between — 0.5 V and + 0.5 V vs. Ag/AgCl. We carried out 300 cycles to
investigate the different single cation cycling stability contained elec-
trolytes. After the cyclic voltammetry sequence, the cells were turned to
the open circuit potential for the electrochemical impedance spectros-
copy. The specific capacitance was calculated by applying Eq. (1):
c-1 €]

Vvem

I is the measured current, v is the cyclic voltammetric measurement
scan rate, and m is the working electrode’s mass loading.

Electrochemical impedance spectroscopy (EIS) measurements were
recorded before cyclic voltammetry and were measured at the potential
of — 0.4 Vand + 0.4 V to avoid Faradaic reactions. The frequency range
was set to vary from 1 MHz to 10 mHz with an amplitude of 10 mV.
Between the EIS measurements’ changing potential, we applied an open
circuit potential (OCV).

2.4. Inductively coupled plasma-optical emission spectroscopy (ICP-OES)

To test the materials’ ion selectivity in a mixed cation system,
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Fig. 1. Material characterization of ACC-0.59 and ACC-0.88. A) Cumulative pore size distribution obtained from nitrogen gas sorption (assuming slit-shaped pores
and applying the quenched solid density functional theory). B) Three-dimensional pore structure obtained from small-angle X-ray diffraction (applying the Gaussian
random field method). C) Fiber morphology characterized by scanning electron microscopy.

inductively coupled plasma-optical emission spectroscopy (ICP-OES) is
conducted. The schematic drawing of online monitoring is shown in
Supporting Information, Fig. S1. The aqueous electrolyte contains a mix
of 10 mM of NacCl, KCl, CaCly, MgCly, and NiCly. The cells for ICP-OES
consisted of two electrode pairs stacked on each other separated by
nonconductive porous spacers made of glass fibers (glass fiber pre-filter,
Millipore, with a thickness of 380 um).

Two different cells were assembled, and we used a flow-by-cell
configuration for both (Ref. [30,37]). In one cell, only ACC-0.59 was
applied for both the cathode and anode sides. In another cell, ACC-0.88
was applied as cathode for cation removal, and ACC-0.59 was applied as
anode for CI" removal due to its high permselectivity in smaller pores
that only allow one charge species to transport [38]. In the latter case,
ion swapping during cation removal is significantly suppressed [38].
The electrolyte with different cation systems was pumped through the
cells at a flow rate of 2 mL/min continuously during charging and dis-
charging. During the ion adsorption and desorption process, the cell was
galvanostatically charged to 1 V at a specific current of 0.01 A/g and
then hold the potential for 15 min. Afterward, the cells were discharged
to 0 V at 0.01 A/g with the following holding time of 15 min. The
electrolyte that flowed out of the cell was then pumped out to the ICP-
OES system (ARCO FHX22, SPECTRO Analytical Instruments) at a
flow rate of 2 mL/min. The electrolyte was stored and cycled in a 10 L
tank reservoir, which is de-aerated with Ny gas bubbles. The electrolyte
from the cells was pumped through the nebulizer into a spray chamber,
and the aerosol was introduced into the argon plasma, which has high
energy to excite ions to emit specific wavelengths. The intensity
measured for an ion-specific wavelength is converted to the ions’ con-
centration in the effluent stream coming from the cell. The specific ion
uptake capacities were calculated by applying Eq. (2):
lonuptakecapacity = Y- Meaion cedt 2)

Melectrode

where v is the flow rate of the electrolyte, Mcation is the molar mass of
the cations, Mejectrode iS the mass of one side of the electrode, ¢ is the
concentration of the cation in the outlet stream, and t is the duration
time of the operation.

3. Results and discussion
3.1. Porosity analysis and chemical composition of the electrode materials

For the two carbon materials investigated in our study, the cumu-
lative pore size distribution patterns obtained from nitrogen gas sorption
are displayed in Fig. 1A, and characteristic pore structure data are
provided in Table 1. ACC-0.59 has a smaller average pore size (0.59 nm),
smaller pore volume (0.34 cm3/g), and a smaller specific surface area
(1032 m?/g) compared to ACC-0.88 (0.88 nm, 0.81 cm®/g, and 1876
m?/ g). Also, ACC-0.59 has a narrower pore size distribution compared to
ACC-0.88. This can be quantified by the difference between dys and das
(Adys-dys), that is, the diameter corresponding with 75% and 25% of the
total cumulative pore volume. Thereby, (Adys-das) quantifies the width
of pore size dispersion for 50% of the total pore volume centered around
the volume-weighted average pore diameter dso. For ACC-0.59, we see a
value for (Adys-das) of 0.12 nm, and ACC-0.88 yields a value of 0.56 nm.
Fig. 1B shows the three-dimensional pore structures of ACC-0.59 and
ACC-0.88 obtained by Gaussian random fields data analysis of small-
angle X-ray diffraction data [31]. Among two carbon fibers, ACC-0.88
has more interpore volume, and the pore volume is larger than that of
the ACC-0.59 material. The scanning electron micrographs presented in
Fig. 1C show an identical fiber morphology for ACC-0.59 and ACC-0.88.
Both carbon textiles are composed of individual fibers with an average
diameter of about 12 ym.

Table 1

Porosity analysis with nitrogen gas sorption at — 196 °C using the quenched
solid density functional theory (DFT; assuming slit-shaped pores) and the
Brunauer-Emmett-Teller theory (BET). SSA: specific surface area. The average
pore size refers to the volume-normalized value dsg.

SSA SSA DFT totalpore Averagepore
BET DFT volume(cm®/ size dso(nm)
(m?/g) (m%g) g
ACC-0.59 916 1032 0.34 0.59
ACC-0.59 in1 M 954 1063 0.36 0.62
CaCl,
ACC-0.59 after 300 894 1079 0.33 0.56
cycles in mixed
ion electrolyte
ACC-0.88 2070 1876 0.81 0.88
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The chemical composition of the carbon materials (Table 2) was
obtained from CHNS-O measurement. ACC-0.59 has an oxygen content
of 5.1 mass%, while ACC-0.88 has 1.9 mass%. Both materials have about
1 mass% of combined hydrogen and nitrogen. Besides, ACC-0.59 ma-
terial after electrochemical measurements in 1 M NaCl, 1 M CaCl,, and 1
M NiCl, are also washed, dried, and collected for CHNS-O
measurements.

For analyzing the ion selectivity behavior of the carbon materials,
the ionic diameter of different ion species is listed in Table 3 [39].
Among all ions, divalent cations have a bigger hydrated ion size
compared to monovalent cations. The hydrated ion size is in order of
Mg?*>Ca?">Ni**>Nat>K" (i.e., 0.856 nm > 0.824 nm > 0.808 nm >
0.716 nm > 0.662 nm), and the dehydrated ion size follows
K™>Ca?">Na*>Ni2t>Mg?", that is, the following sequence: 0.266 nm
> 0.198 nm > 0.190 nm > 0.140 nm > 0.124 nm.

3.2. Cyclic voltammetry and electrochemical cycling stability

We first characterized the electrochemical response of the carbon
materials by cyclic voltammetry. Fig. 2A shows the tenth cycles of the
ACC-0.59, and ACC-0.88 in aqueous 1 M LiCl, 1 M NaCl, 1 M KCl, 1 M
CsCl, 1 M MgCly, 1 M CaCly, and 1 M NiCly. All cyclic voltammograms
using electrolytes with monovalent cations (Li*, Na*, K*, Cs*) show for
ACC-0.59 a rectangular shape (TyrE A; see Fig. 2C for a type character-
ization of different shapes of cyclic voltammograms). The capacitance is
almost identical during both positive polarization (from O to + 0.4 V)

Table 2
Chemical analysis of the electrode materials. “n.d.” stands for “not detected”,
that is, values below the detection limit of the system.

Carbon Hydrogen Nitrogen Oxygen Ash-
(mass (mass%) (mass%) (mass content
%) %) (mass%)
ACC-0.88 96.7 + 0.8+ 0.1 0.2 + 0.0 1.9+ <1
0.3 0.1
ACC-0.59 94.2 + 1.0 £ 0.0 n.d. 5.1+ <1
0.5 1.0
ACC-0.59 93.6 £+ 0.9 + 0.0 0.2 + 0.0 43+ <1
aftercycling 0.1 0.1
in 1 M NacCl
ACC-0.59 92.0 + 1.0+ 0.0 0.2 + 0.0 52+ <2
aftercycling 0.9 0.6
in 1 M NiCl,
ACC-0.59 91.5 + 1.0+ 0.0 0.1 + 0.0 59+ <2
aftercycling 0.2 0.2
in 1 M CaCly
ACC-0.59 92.2 + 1.0+ 0.1 0.5+ 0.2 4.4+ <2
after300 0.7 0.1
cycles
inmixed ion
electrolyte
ACC-0.88 95.1 + 0.8+ 0.1 0.5+ 0.0 3.1+ <1
aftercycling 0.8 0.3
in 1 M LiCl
ACC-0.88 94.1 + 0.8+ 0.1 0.5+ 0.1 3.1+ <2
aftercycling 0.7 0.1
in 1 M NaCl
ACC-0.88 94.8 + 0.7 + 0.0 0.4 + 0.0 31+ <1
aftercycling 0.3 0.2
in 1 M KCl
ACC-0.88 93.4 + 0.7 + 0.0 0.5+ 0.2 2.8+ <3
aftercycling 2.0 0.2
in 1 M CsCl
ACC-0.88 93.9 + 0.7 + 0.0 0.4+ 0.1 3.1+ <2
aftercycling 1.0 0.1
in 1 M MgCl,
ACC-0.88 96.1 + 0.7 + 0.0 0.4+ 0.1 3.0+ <1
aftercycling 2.3 0.4
in 1 M CaCly
ACC-0.88 93.1 + 0.7 + 0.0 0.5+ 0.1 3.6+ <3
aftercycling 2.0 0.5
in 1 M NiCl,
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and negative polarization (from 0 to — 0.4 V). In 1 M CsCl, the negative
potential region’s capacitance value is slightly higher than that in the
positive potential region. When applying divalent cations like Mg2*,
Ca2+, and Niz+, we see a narrowing of the current signal of the measured
cyclic voltammograms (Tyee B and Tyee C). The narrowed cyclic vol-
tammograms below — 0.1 V vs. Ag/AgCl indicate that the ions are
obstructed from entering the carbon nanopores (sieving) [12]. Ca?t and
Mg?* ions show a very low capacitance during negative polarization
compared to the capacitance value during positive polarization (where
the charge compensation is carried by ion electrosorption of the anion,
chlorine). In contrast to the Type B shape of MgCly or CaCl,, the cyclic
voltammogram for the NiCl; electrolyte displays an asymmetric Type C
shape with a characteristic minimum during the negative scanning at
around — 0.2 V vs. Ag/AgCl. This potential-dependent electrochemical
phenomenon is related to ion desolvation adsorption. As the potential
goes to a lower region that overcomes the desolvation energy barrier,
the ions start to desolvate and enter the pores, thus the capacitance in-
creases as the potential goes to a more negative region [40]. For ACC-
0.88 electrodes, we see that all electrolytes, containing monovalent
cations and containing divalent cations, exhibit the cyclic voltammo-
grams TyrE A expected from a nearly perfect electrical double-layer
capacitor (Fig. 2B).

To further study the stability of this size effect, cyclic voltammetry is
carried out for 600 cycles. For ACC-0.59, all electrolytes with mono-
valent cations show the same shape during the cyclic voltammetric
measurement (Fig. 3A-B); however, as for Mg2+, Ca®*, and Ni%", the
amplitude of the sieving effect gradually fades over time as the capaci-
tance of the cyclic voltammogram at the negative potential region ex-
pands. From the 10th cycle to the 300th cycle and the 600th cycle, this
difference decreases over time, although the capacitance difference
between positive and negative polarization is still apparent. As for ACC-
0.88, all cyclic voltammograms show a nearly rectangular shape in each
electrolyte system, and there is no significant change when comparing
initial and progressed (300th/600th) cycles, as seen in Fig. 2B and
Fig. 3G-D.

To explore the possible change in surface functionality or general
carbon oxidation by the electrochemical operation, we conducted an
elemental analysis of ACC-0.59 and ACC-0.88 electrodes after cyclic
voltammetric measurements. As seen from Table 2, there is no statisti-
cally significant change in the chemical composition; especially, there is
no significant change in the amount of oxygen. A small change in pore
structure (5% of average pore size change) is found after the electro-
chemical operation; as seen from Table 1, ACC-0.59 operated in 1 M
CaCl, after 600 cycles show a small increase in the pore volume from
0.34 em®/g to 0.36 cm®/g) and an associated small increase in the
average pore size from 0.59 nm to 0.62 nm. Supporting Information,
Fig. S2A-B shows the gas sorption isotherms and cumulative pore size
distribution pattern of the original ACC-0.59 and ACC-0.59 after cycling
in 1 M CaCly electrolyte. This result shows that the pore size is slightly
expanded during charging and discharging.

3.3. Impedance measurement

To further compare the ion accessibility of different ion species,
electrochemical impedance spectroscopy (EIS) was conducted. Firstly,
we investigated electrolytes with monovalent cations. Fig. 4 provides
EIS data for 1 M LiCl, 1 M KCl, 1 M Nacl, and 1 M CsCl. According to the
Nyquist plot result, no significant Faradaic reaction features occur in all
electrolyte systems. The 45° angle linear curve represents reflective
finite-length diffusion at high frequency, indicating ion diffusion and
EDL formation inside the carbon materials’ pores [41-43]. At lower
frequency values, the Nyquist curve tends to be more perpendicular.
During the negative polarization (-0.4 V), the high frequency and low-
frequency region’s impedance values show the same trend during the
positive polarization (4+0.4 V) process. This feature does not change
when comparing the initial impedance value before cyclic voltammetry
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Table 3
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Tonic diameter of hydrated and dehydrated ions of Na*, K*, Mg?", Ca%*, and Ni®** [39,49]. “n.d.” stands for “not detected”, that is, values below the detection limit of

the system. Hydration energy is synonymous with desolvation energy.

Solvated(nm) Desolvated(nm) Hydrationenergy(kJ/mol) Selectivityin ACC-0.59vs. Na Reference
Na™ 0.716 0.190 —365 1 [49,50]
K+ 0.662 0.266 —295 1.5 [49,50]
Mgt 0.856 0.124 —1830 n.d. [49]
(s 0.824 0.198 ~1505 n.d. [49]
Ni2t 0.808 0.140 —1980 0.43 [49]
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Fig. 2. Cyclic voltammograms of ACC-0.59 and ACC-0.88 in 1 M LiCl, 1 M NaCl, 1 M KCl, 1 M CsCl, 1 M MgCl,, 1 M CaCl,, and 1 M NiCl, recorded at a scan rate of

10 mV/s.

with the impedance curve after cyclic voltammetry. This phenomenon
shows for monovalent cations, the ion mobilities in the micropores of
carbon are almost the same as anions mobility inside the micropores of
carbon, which does not change after cyclic voltammetry.

In Fig. 5, the electrochemical impedance spectra of three different
divalent cations contained electrolyte (1 M MgCl,, 1 M CaCl,, and 1 M
NiCly) are compared. Fig. 5A-C shows that before cyclic voltammetry,
the Nyquist plots of ACC-0.59 in 1 M MgCl,, 1 M CaCly, and 1 M NiCl,
during the negative polarization is shifted to higher resistance compared
to positive polarization. When comparing the data at negative polari-
zation with positive polarization, the length of the 45° angle linear
curve, which shows the ion diffusivity under specific potentials, extends
to a more resistive region under negative polarization compared to the

Nyquist curve under positive polarization. This length difference shows
the different accessibility of the ions. The anion adsorption is much
easier than the cation adsorption, which is in good alignment with the
sieving effect from cyclic voltammetry. After the cyclic voltammetric
operation, this length difference became smaller, showing the cation
access is becoming easier after cycling. A decreased amplitude of ion
sieving aligns with the increased pore size after electrochemical cycling.
This can be caused by the oxidation of carbon in the aqueous electrolyte
[27].

3.4. ICP-OES measurements and selectivity of cations

Actual ion selectivity cannot be directly concluded from only
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Fig. 3. Cyclic Voltammetry of ACC-0.59 and ACC-0.88 in 1 M LiCl, 1 M NaCl, 1 M KCl, 1 M CsCl, 1 M MgCl,, 1 M CaCl,, and 1 M NiCl, recorded at a scan rate of 10

mV/s.

carrying out electrochemical measurements. Therefore, we analyzed the
ion composition of the effluent stream via online monitoring using an
ICP-OES system (Supporting Information, Fig. S1). Fig. 6 shows the result
from a mixture of 10 mM of each NaCl, KCI, CaCly, MgCl,, and NiCl,
electrolyte. The symmetric cell with ACC-0.59 carbon electrodes is
cycled between O to + 1 V to conduct the ion adsorption and desorption.
We did not polarize up to + 1.2 V to avoid possible electrochemical
degradation. At the beginning of the measurement, the cell is operated
from OCV, resting for 20 min, and then charged to + 1 V cell voltage. A
small aliquot of the flow-by cell’s outlet is extracted and pumped into
the ICP-OES to online-monitor the different cation species’ concentra-
tion change in the electrolyte. According to the ICP-OES measurement,
among all cations, all the divalent cations show much less concentration
change, and among all ions, Mg?" and Ca?" do not show any

pronounced concentration variations. However, all the monovalent
cations show pronounced concentration change, and the concentration
variation of K™ (from — 2.10 mM/g to + 2.92 mM/g) is higher than that
of Na* (from — 1.48 mM/g to + 1.79 mM/g). Although Ni%* is a divalent
cation, it has a smaller hydrated ion size than Mg?* and Ca®*. Accord-
ingly, the concentration of Ni%* is more pronounced compared to Mg?*
and Ca?", but less than K* and Na* (Fig. 6). The concentration peak
positions of Ni?* for both adsorption and desorption are seen later
compared to the peak positions of K™ and Na™. This observation in-
dicates slower kinetics of Ni* adsorption and desorption compared to
K*' and Na* ions.

Although Ni%™" ions carry twice the charge compared to K* and Na™,
it has a much larger hydrated ion size and experiences a more pro-
nounced sieving effect in ACC-0.59 (Table 3); accordingly, hydrated
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Fig. 4. Nyquist plots from electrochemical impedance measurement of ACC-0.59 in 1 M KCl, 1 M LiCl, 1 M NaCl, and 1 CsCl at different applied potentials before and

after having carried out cyclic voltammetry (CV).
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Fig. 5. Nyquist plots from electrochemical impedance measurement of ACC-0.59 in 1 M MgCl,, 1 M NiCl, and 1 MCaCl, at the polarization of — 0.4 V and + 0.4 V

before and after cyclic voltammetry (CV).
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Fig. 6. ICP-OES measurement of the symmetric CDI cell A) before and B) after 300 cycles test. The concentration of K, Na*, Ni*, Mg?*, Ca®" is shown. WE =
working electrode; CE = counter electrode. Cell voltage is the potential bias between the working electrode and the counter electrode (not the potential vs. Ag/AgCl).

ions with smaller size and higher ion mobilities are preferred to enter/
leave the pores during the charging/discharging process. According to
the previous work [38] and the desolvation energy listed in Table 3, the
desolvation energy for K* and Na™ is lower, and the ions will desolvate
partially in the micropores of ACC-0.59. In contrast, the higher des-
olvation energy of cations like Ni*, Mg?*, and Ca®" serves as an energy
barrier for the desolvation process. For ACC-0.59, these data indicate a
high K* and Na™ selectivity over Ni%*, and very high K* and Na*
selectivity over Mg?" and Ca". The reason behind this relates to the size
difference of hydrated ions and the difference in desolvation energy.

The ICP-OES measurement after 300 galvanostatic charge/discharge
cycles (Fig. 6B) do not show any noticeable concentration change for
divalent cations Mg?™ and Ca®". Also, Ni%* has a less obvious concen-
tration decrease trend during all the charging process (minimum value
changed from — 0.5 mM/g to + 0.4 mM/g), and the desorption peak
value is still shifted to a similar place compared to Kt and Na™, which
will be seen later. For K" and Na™, the concentration changes remain the
highest among all the other ion species. K shows a higher concentration
change (with a minimum value up to + 2.3 mM/g) than Na' (with a
minimum value up to + 1.8 mM/g). After 300 cycles, a decay of con-
centration change is observed, which relates to the ion uptake capacity
decrease of K" and Na™ after 300 cycles.
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For K™ and Na®, we observe a concentration inversion at the
beginning of the charging process. The concentration for K™ and Na™
first increases before decreasing during the charging process; Ni** does
not follow this trend. The concentration of Mg?" and Ca?" changes
slightly in the opposite way: Mg goes up to 0.07 mM/g from 0 mM/g,
and Ca®" rises from 0 to 0.01 mM/g. According to Hou et al. [15],
divalent cations have a higher valence number and an energetic pref-
erence for screening the charge of the electrode surface. In contrast,
monovalent cations are smaller and exhibit higher ion transport
mobility in porous carbon electrodes. These two factors are related to
the carbon electrodes’ pore size and the magnitude of surface charge. In
the case of ACC-0.59, the size effect is dominant compared to the degree
of charge effect, and after 300 cycles, monovalent cations still have
much higher preferences over divalent cations. Although all the other
cations have concentration amplitude decay, this carbon material still
has high K* and Na® selectivity over all the other cations.

Fig. 7 shows the ion uptake capacity of all cation species. In Fig. 7A,
before 300 cycles, K, Na* and Ni?* uptake capacity for the first 10
cycles is around 0.09 mM/g, 0.06 mM/g, and 0.025 mM/g. The uptake
capacities of Mg?* and Ca?* cations cannot be determined within the
instrument’s detection limit, as is inferred from the lack of noticeable
concentration changes in the online-monitored profiles. This shows the
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Fig. 7. ICP-OES measurement of the symmetric CDI cell A) before and B) after 300 cycles. The concentration of K*, Na*, Ni>*, Mg?*, and Ca®* is calculated.
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high K* and Na* selectivity compared to Mg?" and Ca2*. After 300
cycles, the K, Na', and Ni" uptake capacities are decreased to 0.08
mM/g, 0.05 mM/g, and 0.02 mM/g (Fig. 7B). As for Mg?* and Ca2*,
from the beginning to > 300 cycles, the concentration change is always
below 0.1 mM/g, and due to the inverted concentration change
compared to the other cations, there is no net uptake capacity. These
results show the strong K* and Na* selectivity over Mg?" and Ca®*
divalent cations. In Table 1, and Supporting Information, Fig. S2, gas
sorption analysis data of ACC-0.59 after 300 cycles are shown. There is
no obvious accumulative volume or increase of the average pore size
after 300 cycles. The CHNS-O analysis after 300 cycles also shows no
significant change in the oxygen content (Table 2).

In the experiments so far, we used symmetric cell of ACC-0.59 paired
with ACC-0.59. We now paired ACC-0.59 as the working electrode and
ACC-0.88 as the counter electrode to test the cation selectivity’s pore
size influence. With an average pore size of 0.88 nm, the ion storage of
ACC-0.88 is accomplished by adsorption of the counter-ions and ejecting
of the co-ions [37,38]. To minimize the permselectivity influence of the
Cl" adsorption electrode, ACC-0.59 is applied as a working electrode
with high ion permselectivity to remove CI. Among all investigated
cations, Kt and Na™ have a concentration increase at the beginning of

Chemical Engineering Journal 419 (2021) 129438

the charging process and then decrease as the cell voltage goes up
(Fig. 8A). For Ca®", Mg?", and Ni%*, the concentrations decrease
immediately as the cell voltage rises, and as cell voltage decreases, the
concentrations increase dramatically. K" and Na™ only show a small
concentration variation, and the unusual increase of concentration
change is always observed at the beginning of every charging process.
According to the Schulze-Hardy rule, the coagulating power increases
very strongly with the charge number of the counterions. Thus, the ions
with higher charge numbers will have stronger interactions with the
pores [44-48]. Throughout four cycles, the concentration variation of K™
and Na™ gradually separated, the Kt curve tends to shift up, which in-
dicates that ions tend to leave the pores more than adsorb, and the Na™
curve tends to go down, which suggests that ions are gradually stored in
the carbon material.

The ICP-OES results shown in Fig. 8A exclude a poor permselectivity
of the larger pores: Although divalent cations have larger solvated ion
size and lower ion mobility, they have higher selectivity in larger pores.
Besides, a ‘charge inversion’ phenomenon is observed [15], resulting in
K* and Na'’s ejection to fulfill the maximum charge/volume ratio. As
for ACC-0.59 in Fig. 8B, when most Ca®*, Mg?*, and some Ni?* ions are
blocked outside of the pores because of the sieving effect, Na™ and K"
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Fig. 8. Concentration profiles and corresponding applied potential. ICP-OES measurements. (A) Asymmetric CDI cell before the 300 cycles test. ACC-0.59 is applied
as WE, Ag/AgCl electrode (stored in 3 M NaCl water solution) is applied as the reference electrode, ACC-0.88 is applied as CE. For comparison, (B) the ACC-0.59
symmetric cell is also plotted. For the cell voltage, we refer to the potential bias between the working electrode and counter electrode (not the potential vs. Ag/AgCl).
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could be all adsorbed in the pores. Further, ACC-0.59 shows K* selec-
tivity over Na™ in alignment with the smaller hydrated ion size of K*.

The time-dependent (dynamic) change in concentration change of
K*/Na®, K*/Nit, and K*/Mg?" is exemplified in Supporting Information,
Fig. S4. In addition to the different intrinsic uptake capacity for certain
ions (Fig. 7), the dynamic changes in concentration profiles and ion-
replacement effects allow to modify the ion selectivity.

4. Conclusions

In this work, two kinds of microporous carbon materials, with
narrowly distributed sub-nanometer sized pore sizes of 0.59 nm and
0.88 nm, are applied. By applying electrochemical measurements like
cyclic voltammetry and EIS measurements, the ion sieving effect in ACC-
0.59 activated carbon cloth is observed, and the large hydrated ion
diffusion resistance causes this phenomenon in the pores of the carbon.
By applying these two material electrodes in CDI applications and
combine them with the ICP-OES online monitoring method, the dynamic
change of ion concentration during charging and discharging is
observed. ACC-0.59 shows sieving of divalent cations. Therefore, Ca%*
and Mg?" cannot enter the pores, and Ni>* has a much smaller con-
centration change. In contrast, monovalent cations like Na* and K*
partially desolvate to be electrosorbed in small pores; consequently, we
see a significant concentration change during charging and discharging
for such ions. The ion uptake capacity of Na™ is smaller than K* due to
the larger hydrated ion size. ACC-0.88 has an average pore size larger
than all kinds of cations; accordingly, divalent cations are preferred due
to the higher charge numbers. Although Na™ and K™ have higher ion
mobilities due to the smaller hydrated ion size, they have less ion uptake
capacities during the charging and discharging process.

Ton selectivity in larger pores is influenced by the combination of size
effect, dehydration effect, and charge effect. In carbon materials with an
average pore size smaller than the divalent cations, the size effect plays a
dominant role in blocking divalent cations with bigger hydrated ion size
and higher desolvation energy. In this work, it is possible to reach pure
monovalent cation selectivity over divalent cations in the long term by
controlling the narrow pore size distribution of small pores in carbon
materials.

Our data show the cation replacement during electrochemical mea-
surements, revealing the dynamic ion-selective mechanism. Thereby,
one can design conditions for the optimized removal of specific ions by
selection a certain pore size and charge/discharge rate; future work will
have to more precisely dissection optimized conditions for an array of
specific aqueous systems and ion species.
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