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Abstract

Electrochemical water desalination is an emerging technology known for its high efficiency
and low energy consumption in removing ions from aqueous media. The present thesis begins
by explaining the fundamentals of a typical electrochemical water desalination system and
presenting relevant performance metrics. The significance and limitations of the latter metrics
are then discussed based on the generations of the electrodes developed during the past few
decades.

This report seeks to expand the scope by investigating MXene (titanium carbide) as a purely
pseudocapacitive material characterized by a capacitor-like electric response achieved
through ion intercalation. Afterward, the merit of MXene when utilized as an electrode in
electrochemical desalination is investigated for both single-salt and multi-salt aqueous
solutions, ultimately establishing qualitative insights into the relationship between MXene
properties and its electrochemical desalination behavior.

Finally, the thesis goes beyond MXene and explores its sibling materials, such as MBene
(transition metal boride), for lithium-ion battery electrodes. As another application of 2D
nanolamellar materials at the water-energy nexus, we have explored MXene conversion into
transition metal dichalcogenides by sulfidation heat treatment and its merit as electrodes for
hydrogen electrocatalysis. These findings can contribute to developing more efficient and

sustainable energy storage, conversion, and desalination technologies.



Zusammenfassung

Elektrochemische Wasserentsalzung ist eine vielversprechende Technologie, die fiir ihre hohe
Effizienz und ihren geringen Energieverbrauch bei der Entfernung von lonen aus wassrigen
Medien bekannt ist. Die vorliegende Arbeit beginnt mit der Erlauterung der Grundlagen eines
typischen elektrochemischen Wasserentsalzungssystems und der Darstellung relevanter
Leistungskennzahlen. Die Bedeutung und Einschriankungen der letztgenannten Metriken
werden dann anhand der in der Vergangenheit entwickelten Generationen von Elektroden
diskutiert.

Die vorliegende Arbeit untersucht MXene (Titankarbid) als rein pseudokapazitives Material,
das durch eine kondensatordhnliche elektrische Reaktion gekennzeichnet ist, die durch
loneninterkalation erreicht wird. AnschlieBend wird der Nutzen von MXene bei der
Verwendung als Elektrode bei der elektrochemischen Entsalzung sowohl fir wassrige
Losungen mit einem Salz als auch mit mehreren Salzen untersucht, um schlieRlich qualitative
Erkenntnisse Uber die Beziehung zwischen den Eigenschaften von MXen und seinem
elektrochemischen Entsalzungsverhalten zu gewinnen.

Letztlich erforscht die Arbeit auch MBene (Ubergangsmetallborid) sowie die Derivatisierung
von MXenen hin zu Ubergangsmetalldichalkogeniden durch Sulfidierung fiir den Einsatz in der
Wasserstoffelektrokatalyse untersucht. Die Ergebnisse dieser Studien kdnnen zur Entwicklung
effizienterer und nachhaltigerer Technologien zur Energiespeicherung, -umwandlung und -

entsalzung beitragen.



1. Motivation

The worldwide water scarcity crisis has become one of the most pressing challenges of our
time. The ever-increasing population, climate change, and industrial development have led to
an alarming depletion of freshwater resources. In response, developing sustainable methods
for treating these dwindling reserves becomes crucial to our continued existence.

The United Nations Sustainable Development Goal 6 aims to ensure the global availability and
sustainable management of water and sanitation by 2030, highlighting the urgency of
addressing water scarcity worldwide.[1] The urgency to find efficient and sustainable water
treatment solutions partly arises because traditional desalination technologies, such as
reverse osmosis, suffer from high energy consumption and environmental drawbacks. As
energy represents a critical component in the water treatment process, the need for energy-
efficient techniques has become imperative. Figure 1 shows an ecosystem where energy is
converted or consumed to produce freshwater from saline sources. A sustainable approach to
such an ecosystem would require clean, efficient, and durable materials and processes across

the entire water-energy sphere.

Figure 1: Schematic illustration of an ecosystem of energy generation via renewable sources,
its conversion into energy carriers such as hydrogen, or its consumption to produce

freshwater.



Nanomaterials hold much promise toward possible solutions that can help tackle global crises
around water-energy nexus, particularly in electrochemical water desalination. Especially
those nanomaterials with 2D nanolamellar architecture offer unique advantages due to their
atomically thin structure and tunable properties. These materials have so far shown great
promise for energy storage, which is an integral component of sustainable water treatment
systems. In recent years, substantial progress has been made in the synthesis and application
of various 2D nanolamellar materials, including graphene,[2, 3] transition metal
dichalcogenides,[4-6], and MXenes[7, 8] in electrochemical water desalination. These
materials offer remarkable properties such as high electrical conductivity, mechanical
flexibility, or ion selectivity.[6] Their unique attributes make them suitable candidates for
enhancing the performance and efficiency of electrochemical desalination systems, leading to
the development of advanced water desalination technologies.

Among many water desalination technologies, electrochemical desalination has emerged as a
promising option, as it can effectively remove ions from saline water using an electrical
potential difference, leading to lower energy requirements than conventional desalination
techniques.[9, 10] Electrochemical desalination also has the potential for selective separation,
which plays a crucial role in the success of any desalination technology.[11] The latter feature
is particularly relevant to present-day challenges, such as the shortage of lithium reserves and
the ever-increasing demand for lithium by lithium-ion battery manufacturing industries. As
such, an electrochemical desalination system capable of selective capture and recovery of
dilute concentrations of lithium ions in the oceanwater (0.17 ppm) could tap into the virtually
unlimited amount of lithium in marine reserves (~230 billion tons).[12] This could address the
increasing demand for lithium while reducing dependence on limited terrestrial lithium
reserves, besides the geopolitical edge of developing such a strategic technology.

The present thesis aims to explore the potential of 2D nanolamellar materials in the context
of the water-energy nexus, with a specific focus on their application for electrochemical water
desalination. The work will investigate their synthesis methods, characterization techniques,
desalination capacity, efficiency, stability, and selectivity performance. Through this research,
we aspire to contribute to developing sustainable and cost-effective water treatment

technologies, addressing the global water scarcity challenge.



2. Theoretical Background

2.1. Water desalination technologies

Desalination technologies can be categorized into groups based on their processes, such as
thermal, membrane, chemical, or physical process.[13] Thermal processes involve using heat
to evaporate water, leaving the salts behind in the brine and further condensing the water
vapor into liquid (Figure 2A).[14] In contrast, membrane processes employ pressure or
electricity to drive water through a semi-permeable membrane, effectively blocking salts and

other dissolved solids from passing through (Figure 2B).[15]

n Distillation E Membrane Filtration

Applied

ﬁé pressure
& |
Cooling (o)

¥ J

é Semi-permeable

Heating ! membrane

Figure 2: Schematic representation of the working principles of two major desalination

technologies: (A) distillation and (B) membrane filtration processes, adapted with permission

from Ref.[16]

2.1.1. Thermal processes

Thermal desalination processes utilize heat to separate freshwater from saline water through
evaporation and condensation. In large-scale desalination plants, efforts are made to make
the most use of invested energy[17] and enhance process automation.[18, 19] As such,
steady-state processes are used instead of the schematically shown batch distillation process
shown in Figure 2A (also known as differential distillation), such as the one shown in Figure 3.
In the latter processes, saline water flows into the system while the distillate (fresh water) and
condensate (brine) leave the system.[20] For maximum energy efficiency, the hot vapor
produced in one step is used to pre-warm the incoming saline water in the following steps.[21]

The latter principle is the foundation of several types of thermal desalination processes,



including multi-stage flash distillation (MSF), multiple-effect distillation (MED), and vapor
compression distillation (VCD).[14]

MSF is the most widely used thermal desalination process.[22, 23] It involves heating saline
water under reduced pressure to a temperature higher than its boiling point, flash
evaporation.[24] The heated water then passes through a series of chambers or ‘stages’ at
progressively lower pressures, causing it to flash into steam. The steam is then condensed to
produce freshwater. The flow chart for an MSF process with 3 stages is shown in Figure 3. MSF
plants may have 20-40 stages.[25] MSF distillation requires significant energy and is typically

operated using waste heat from the neighboring power plants.[26, 27]
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Figure 3: Flow chart of the multi-stage flash distillation process.

MED is similar to MSF distillation but operates at lower temperatures and pressures, making
it the most thermodynamically efficient thermal desalination technology.[28] It consists of
multiple stages, known as effects, where each effect operates at a progressively lower
pressure. In contrast to MSF, the pre-warmed seawater is sprayed onto the hot tubes carrying
steam. In each effect, heat is transferred from the steam to evaporate more saline water. The
steam is then condensed to produce freshwater. MED is known for its energy efficiency,[29]
and it can be powered by various heat sources, such as waste heat and exhaust steam from

power station turbines, for more economical desalination.[30]
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VCD is a thermal desalination process that utilizes mechanical compressors to increase water
vapor pressure generated by evaporation. Compressing the vapor increases its temperature
and energy content following the classic adiabatic compression process.[31] The seawater
that gets in contact with the high-temperature vapor (steam) tubes evaporates, allowing the
vapor inside the tube to be condensed and recovered as freshwater.[32] VCD is known for its
simplicity and compactness and could be a viable option for small to medium-sized
desalination plants with production capacities of around 1500-5000 m3/day.[33, 34] The high
energy consumption to operate the compressors and costly maintenance might limit

considerations regarding the VCD option.[34]

2.1.2. Membrane filtration processes

Reverse membrane filtration processes typically utilize selective and permeable membranes,
that is, permselective, to separate freshwater from saline water. Based on the pore sizes,
membranes could be categorized from larger to smaller into microfiltration, ultrafiltration,
nanofiltration, and reverse osmosis, as illustrated in Figure 4. Microfiltration removes larger
particles and bacteria, and ultrafiltration separates macromolecules such as proteins or
colloidal particles, though neither method effectively removes salt ions.[35] In contrast,

nanofiltration can remove divalent salt ions like calcium, magnesium, and sulfate.[36, 37]
o
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Higher pump pressure needed
Larger pore size

Figure 4: Classification of membrane filtration processes concerning the membrane pore size

and permeability of different water impurities, adapted with permission from Refs.[38, 39]
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Reverse osmosis (RO) membranes possess the smallest pores, typically around 0.1-1.0 nm.[40,
41] They can strip water from impurities at the molecular level, such as removing ions,
molecules, and even some bacteria and viruses. As such, RO is the most widely used
desalination technology at municipal and industrial levels. As shown in Figure 4, a higher
purification degree requires more powerful pumps to provide higher transmembrane
pressures, increasing the system's energy consumption. For RO, such pressure typically ranges

between 60-80 bar.[42]

2.1.3. Electrochemical desalination processes

Thermal and membrane filtration processes rely on temperature and pressure as the driving
forces to remove the water from a saline solution. In contrast, electrochemical desalination
relies upon electrical potential as the driving force to remove the salt ions from the saline
media. A significant advantage of electrochemical desalination is its low energy consumption
compared to other technologies.[43] It operates at low voltages and does not require high-
pressure pumps or thermal energy. Electrochemical desalination systems are also up-
scalable,[44-46] modular,[46, 47] and can be customized to suit various applications, ranging
from brackish water[48-50] to seawater[51, 52] desalination to industrial wastewater
treatment.[53, 54]

Figure 5A schematically shows the simplest form of an electrochemical desalination cell that
consists of a pair of electrodes to which an electrical potential is applied. Upon polarization of
the electrodes, dissolved salt ions are attracted to the electrodes and immobilized, resulting
in a less salty effluent. When the electrodes are made of carbon materials, such a process
could be called capacitive deionization (CDI), as the carbon electrodes store the charge
capacitively.[55] Figure 5B depicts a CDI module consisting of several carbon electrode pairs

stacked in parallel for a more significant desalination throughput.
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Figure 5: (A) Schematic representation of a single electrochemical desalination cell and (B) an

electrochemical desalination module consisting of multiple cells stacked in parallel.

Electrodialysis (ED) is another effective electrothermal desalination method consisting of
membranes. The reason is that, as outlined previously, in a typical membrane filtration
process, water passes through a permselective membrane while blocking salt ions. In ED, on
the contrary, the membranes allow the salt ions with specific signs to pass through the
membrane while blocking the counter ions and the water.[56, 57]

In an ED system like the one shown in Figure 6, water containing salt ions is directed into
separate chambers, partitioned by membranes that selectively permeate cations or
anions.[58] When an electric voltage is applied, anions migrate toward the positive pole, while
cations move toward the negative pole. By arranging the membranes alternately, only one
type of ion can pass through each membrane, while the adjacent membrane blocks its
passage. This configuration creates a series of alternating chambers containing concentrated
and desalinated water, which can be extracted through separate tube systems.[59]

The ED system described above can be used in reverse to generate electricity. Reverse
electrodialysis (RED) is the latter process, which can harness the energy generated by the

salinity gradient between two solutions to create an electrical potential.[60, 61]
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Figure 6: lllustration of the principle of an electrodialysis system, adapted with permission

£

from Ref.[62]

2.1.4. Prevalence, energy consumption, and water recovery ratios of each desalination
technology

Regardless of the desalination technology, or the trajectory traveled by water going from a
saline solution to a freshwater solution, the minimum theoretical (thermodynamic) energy to
accomplish desalination will be the same, assuming zero losses.[63] The minimum specific
energy consumption (SECmin) to perform desalination follows the expression in Eq. (1) (Ref.
[64]):

SECpin = —:—‘iln (1-R,) (Eq. 1)

where 7y is the osmotic pressure of the feedwater (Pa), and Rw is the water recovery ratio.
Water recovery ratio, or percent recovery, is a unitless value between 0 to 1, defined as the
fraction (volume) of desalinated water produced from the feedwater.[65] As inferred from
Eq. (1), the minimum specific energy consumption (joules per liter freshwater) solely depends
on the osmotic pressure of the feedwater and the water recovery ratio. The osmotic pressure
of a solution is calculated following Eq. (2) (Ref.[66]):

m = CyRT (Eq. 2)
where Cy is the molarity of the solution, R is the ideal gas constant (8.314 ﬁ), T is the

absolute temperature (K), and i is the osmotic pressure (Pa). Given the latter expression, one
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can plot the osmotic pressure of aqueous saline solutions with different NaCl concentrations,

as shown in Figure 7A, assuming the solutions are at room temperature (25 °C).
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Figure 7: (A) Osmotic pressure of aqueous saline solutions with different NaCl salt contents
and (B) thermodynamic energy consumption analysis of converting aqueous saline solutions
with three NaCl salt contents into pure water (100 % salt rejection) across various water

recovery ratios, calculated based on the expressions reported in Ref.[64]

Figure 7A shows that the osmotic pressure of saline water has a direct linear relationship with
its dissolved salt content and illustrates how it increases going from brackish water regimes to
seawater-level concentrations of NaCl. Substitution of the osmotic pressures obtained in
Eqg. (2) in Eqg. (1) then gives the minimum thermodynamic energy to convert a saline solution
of a particular concentration into ideally pure water at a given water recovery ratio, as
demonstrated by Figure 7B. As observed, the energy consumption increases exponentially as
the water recovery ratio increases, particularly when the water recovery ratio approaches
unity.

Table 1 shows the sanity levels of different water sources, ranging from potable freshwater to
the highly saline brine solutions ejected from mining activities and their potential
applications.[67] The freshwater salt content is less than 500 ppm[68, 69] or less than
1000 ppm.[70] The salinity level of ocean water is generally established as 35 g salts per liter,

where the NaCl salt constitutes the major component among all other salt species.[71]
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Table 1: Salinity levels and potential uses of various water sources.[67-70]

Fresh water Brackish water Saline water
Salt content <0.05 0.05-3 35 >5
(mass %)
Concentration <0.5 0.5-30 30-50 >50
(/L)
Concentration <10 10-500 500-900 > 900
(mM) I
Desalinated S Desalinati
Typical esalinate River/underground =)/ e e |na. |<?n
water, ponds, Water, salt plants/mining
sources . water, lakes ..
rivers. lakes rejection
o Irrigation of certain Limited use for
Drinking and crops : ..
Uses L certain Mining
all irrigation Useful for most .
. livestock
livestock

As outlined above, the theoretical thermodynamic energy requirements depend only on the
osmotic pressure of the feedwater, its temperature, and the target water recovery ratio one
has in mind. In practice, however, every desalination technology has its losses associated
inherently with the system components involved in that technology. In membrane filtration
processes, for instance, the losses occurring in the non-ideal operation of the high-pressure
pumps, the resistances of membranes to fluid permeation, and friction losses in the fluid
channels will significantly add to overall energy consumption.[72] Likewise, the heat losses
associated with the reboiler and condenser units of thermal desalination processes add to
their energy consumption.[73] In addition, the thermodynamic minimum energy calculations
are based on infinitesimally slow processes to approach a reversible process (that is, quasi-
static), which in practice will not be economically feasible.[63]

Table 2 shows practical energy consumption values for the desalination technologies

introduced earlier from real-life desalination plants for the desalination of different water

types.
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Table 2: Energy consumption and water recovery ratio metrics of various water desalination

technologies. N/A: not available.

Ener Desalination
L &y . capacity Water
Desalination consumption 3 .
Water type (m3/day recovery | Location Ref.
technology (Wh/L or < 1o
KWh/m?) freshwater ratio (%)
produced)
MSF Seawater 20-38 N/A N/A Kuwait [74]
MED Seawater 19.2 17,616 N/A Qatar [75]
Canary
VCD Seawater 10-11 500 45 Islands, [76]
Spain
RO Brackish 1.8 8,660 60 Adrar, [77]
water Algeria
RO Seawater 3.438 41,000 s0-60 | Maspalomas, |5,
Spain
Electr.och.emlcal Brackish 0.55 3,600 79 Shanghal, [50]
desalination water China
Electr.och.emlcal Brackish 0.1-0.2 ~99 80 Utrecht, The [79]
desalination water Netherlands

Figure 8 shows the prevalence of each desalination technology in operation worldwide as of

2019, together with their water recovery ratios in desalination of brackish water, seawater,

and brine. As expected, the desalination plants generally opt for higher water recovery ratios

in the case of low salinity water types and lower water recovery ratios in the case of highly

saline water types to avoid the regions of highest energy consumption shown in Figure 8B.
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Figure 8: (A) Global share of major desalination technologies in operation as of 2019, and (B)

their water recovery ratios, adapted with permission from Ref.[80]
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2.2. Electrochemical water desalination

2.2.1. The electrochemical desalination setup

Electrochemical desalination is an emerging water treatment technology that utilizes
electrochemical principles to remove ions and impurities from water.[81] In industrial or
municipal-level desalination plants, multiple cells can be connected in series or parallel to
increase the treatment capacity or adapt to different water quality scenarios.[44] At the
laboratory scale experiments, however, just a single cell is typically tested to benchmark its
desalination performance merits. Figure 9 schematically shows the entire electrochemical
desalination setup used throughout this thesis.

The electrolyte reservoir (10 L in volume) is de-aerated by constant bubbling with an inert gas
such as nitrogen. The goal is to remove the dissolved oxygen from the electrolyte, which could
be a source of electro-oxidation of electrodes upon electrochemical cycling. A peristaltic pump
circulates the electrolyte through the cell, followed by a conductivity chamber, a pH chamber,
and finally, back to the reservoir. An electrochemical workstation provides the user-defined
voltage and current values as the driving force to the cell to accomplish desalination. The cell’s
response data, manifested in conductivity and pH change in its effluent stream, is then

recorded and shown in the computer in real-time.

Potentiostat Module

N,

SdseY Electrolyte

Figure 9: (A) Schematic representation of a typical electrochemical desalination setup; WE:

working electrode, CE: counter electrode, adapted with permission from Ref.[82]
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The cell is at the heart of the electrochemical desalination setup described above. Figure 10
schematically shows the core components within the cell., which can consist of two carbon
electrodes separated by glass fiber separators that provide a pathway for the water stream to
move through the cell. Two current collectors (typically graphite foil or graphite plates) bring
the current from the power source (electrochemical workstation) to the carbon electrodes,

immobilizing positive and negative salt ions in water.

Graphite current collector
_£

Carbon electrode >

Carbon electrode <>

Graphite current collector

Figure 10: Schematic illustration of the key components of a typical electrochemical

desalination cell.

Figure 11 shows a photograph of the cell used in the present study. Two incoming (noted #1
in the figure) and outflowing (#2) flexible tubes circulate the electrolyte in the cell at a flow
rate of typically 2 mL/min. The electrolyte reservoir is a tank that contains 10 L. The cell
accomplishes desalination by applying a voltage and current carried by two wires connected
to the cell (#3). The potential development is then monitored by an Ag/AgCl (3 M NaCl)
reference electrode (#4). A transparent cell body (#5) helps to find and resolve possible

bubbles or leakages of the cell during operation.
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Figure 11. A photograph of the electrochemical desalination cell, with the dimensions

(Lx W x H) of ca. 12 x 8 x 8 cm?,

When the water flows through the cell, an electrical potential is applied between the two
electrodes. The positive electrode (or anode) attracts negatively charged ions (anions), while
the negative electrode (or cathode) attracts positively charged ions (cations). As a result, ions
from the water are immobilized onto the surfaces of the electrodes, forming an electrical
double-layer. During the charging step (Figure 12A), an electric potential is applied, causing
ions in the water to migrate toward the respective electrodes and accumulate in the electrical
double-layer. The latter electronic charge separation and ion adsorption create an electrical
energy storage mechanism within the cell. The stored energy could be partially recovered in
the following discharging step, which is one advantage that makes electrochemical
desalination attractive compared to other conventional technologies.[83-85]

The charging process can be understood by considering the behavior of an electrode
immersed in an electrolyte solution. The electrode surface has a fixed charge density due to
the presence of functional groups or surface defects. When the electric potential is applied,
an excess electronic charge is induced on the electrode surface, which makes the ions in the
solution experience an electrostatic force that attracts them to the oppositely charged
electrode. The carbon-based materials used as electrodes in CDI systems possess a high

specific surface area and high pore volume, providing ample ability for ion electrosorption.
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The pore structure, consisting of micropores, mesopores, and macropores, influences the salt
removal capacity and/or rate.[86, 87]

The international union of pure and applied chemistry (IUPAC) classifies the pore sizes into
three regimes: (i) micropores, with pore width less than 2 nm, (ii) mesopores, between 2 nm
and 50 nm, and (iii) macropores, larger than 50 nm.[88] Pores’ geometry can also differ largely
from one material to another. Some typical pore geometries are slit-shaped, cylindrical, and
cone-shaped, among others.[89] The pores that are accessible to their surroundings are called
'open’ pores. The latter pores could also be only open at one end, in which case they are called
‘blind’ or ‘dead-end’ pores. Those pores with no communication with their surroundings are
called ‘closed’ pores.[90] Closed pores are defined as pores that cannot be penetrated by
Helium gas at 303 K.[91]

The electrochemical desalination system enters the discharging step once the electrodes are
saturated with ions. The electric potential is reduced (shorted or reversed), and the ions
adsorbed on the electrodes are released back into the water, as shown in Figure 12B. This

process allows the removal of the ions from the water, effectively deionizing it.

Current collector
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Figure 12: Schematic representation of an electrochemical desalination cell (A) during
charging, where ions are attracted to the electrodes with an opposite sign, and (B) during

discharging, where ions are ejected from the electrodes to the water flow channel.

2.2.2. Electrode materials, the underlying mechanisms, and their brief history

Since Blair and Murphy conceptualized the electrochemical desalination technology in
1960,[92] where it was initially called electrochemical demineralization, various materials
were examined as electrodes. The latter pioneering work showed that a porous carbon
electrode could be paired with a silver-silver chloride (Ag/AgCl) electrode to remove the
sodium and chloride ions from an aqueous sodium chloride electrolyte. In the following
decades, which consisted of long gaps in the advancement of electrochemical desalination
research, carbon-based electrodes dominated the field.[93] As such, carbon materials could
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be considered as ‘first-generation’ materials in electrochemical desalination research. The
mechanism behind the ion storage of carbon-based electrodes involves the formation of
oppositely charged electronic and ionic charges at the interface between the electrode and
electrolyte, respectively, as shown in Figure 13.[94] The latter phenomenon, known as electric
double-layer capacitance (EDLC), is responsible for immobilizing the ions within the pores of a

carbon electrode.[55]

Feed

Figure 13: Schematic representation of immobilization of salt ions within the porous matrix of

carbon electrodes in a symmetric electrochemical desalination cell.

It was not until the beginning of the 21° century that electrochemical desalination research
gained significant momentum. In 2003, composites made of carbon and titanium oxide (TiO3)
have significantly improved the desalination capacity compared to bare carbon
electrodes.[95] However, due to the lack of standardization of the electrochemical
desalination metrics back in the time, the latter positive effect has only been shown
qualitatively. Quantitate benchmarking of similar electrodes has found that coating carbon
electrodes with titanium oxide (TiO3) drastically improves the desalination capacity from 9 mg
to 17 mg NaCl per gram electrode.[96] Since the specific capacitance of the TiO,-coated
carbon electrode was very close to that of the bare carbon electrode, the enhanced
desalination capacity was attributed to the enhanced wettability of carbon electrodes brought
by TiO2 coating and, as a result, better ion accessibility of carbon surfaces. TiO;-decorated
electrode has also shown an enhanced cycle stability of up to 100 in aqueous media of high
oxygen contents.[97] The latter enhanced stability is owing to the electrocatalytic activity of

TiO2, which hinders hydrogen peroxide evolution and prevents carbon oxidation.
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Another shortcoming of carbon electrodes, apart from their moderate desalination capacity
or vulnerability to oxidation, was that they were generally ineffective at high salinity levels,
such as in seawater. As such, ion-exchange membranes were introduced in 2006 to remedy
the latter issue.[98] Such permselective membranes, commonly made of polymers,[99, 100]
cover each carbon electrode's surface, allowing the desired ions to permeate across the
membrane and make it to the electrodes.[101] This way, the weakness of carbon electrodes
in non-permselectivity can be compensated, though at the cost of adding another rather
expensive component to the system: membranes.

The promise shown by electrode materials beyond carbon and the shortcoming of carbon
materials in desalination capacity and permselectivity has prompted the electrochemical
desalination research community to explore next-generation electrode materials, such as
those employed in the adjacent energy storage field. With no carbon materials, a desalination
battery was then named an electrochemical cell whose electrodes consisted of sodium
manganese oxide (Na;MnsOi0) and silver-silver chloride (Ag/AgCl), in 2012.[102] The latter
membrane-less cell was also sodium-selective among K*, Mg?*, and Ca?* competing cations
and chloride-selective versus SO4% ions. Introducing an anion-exchange membrane to a similar
cell made of Prussian Blue and Prussian Blue analogue electrodes in 2017 has demonstrated
that such a cell can selectively remove ions during both charging and discharge, giving rise to
the ‘rocking chair desalination battery’.[103]

Electrochemical desalination with electrode materials previously shown promise in battery
research, which could be classified as ‘second-generation’ materials, has become the subject
of numerous studies in the field. Examples include 2D transition metal carbides (MXenes) such
as TizCaTx[104] and V,CT«[105] that have previously shown promise as Li-ion battery anodes in
organic media for electrochemical desalination in agqueous media for the first time in
2016[106] and in the following years.[107, 108] The ion storage mechanism in such materials
differs fundamentally from that of carbon materials. In a battery material, Faradaic processes
are often at play, which include surface redox reactions such as in 2D Mn0O,,[109, 110]
conversion reactions such as in Ag/AgCl,[111, 112] and Bi/BiOCl,[113, 114] or ion intercalation

such as in MXenes,[8, 106] transition metal dichalcogenides,[4, 5] and metal oxides.[115]
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Unlike carbons, a high surface area is not necessarily required in the said materials as the
electrolyte ions need not adsorb to the surface of electrode materials but rather insert,
intercalate, or convert to the electrode.[116] A notable example is the TizC,Tx MXene with a
low surface area of below 10 m?/g,[106, 117] in contrast to the high carbon surface area of
around 1600 m?/g.[117]

The combination of first- and second-generation materials has also become a common
practice in the electrochemical desalination research community. Such an ‘asymmetric’ or
‘hybrid’ cell typically consists of carbon as one electrode and a battery material as the other.
The most prominent example is the first electrochemical desalination cell conceptualized in
the pioneering study in 1960, where Ag/AgCl was paired with porous carbons.[92] Recent
examples include TisC,;Tx MXene employed as the negative electrode and porous activated

carbon as the positive electrode for the desalination of agueous saline media,[117] as shown

in Figure 14.

Figure 14: Schematic representation of an asymmetric electrochemical desalination cell
consisting of MXene as the negative electrode and carbon as the positive electrode, alongside

a scanning electron microscopy image of the MXene electrode.
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The asymmetric design offers the advantage of capitalizing on the high capacity of the battery
material, resulting in higher desalinating capacities, such as in the case of a hybrid
NasMngO1s/activated carbon cell, which yields 31 mg/g desalinating capacity compared to
14 mg/gin the case of the symmetric carbon/carbon cell.[118] Asymmetric cells can also show
selectivity, often owing to the battery material.[6] However, opting for asymmetric cell design
is sometimes inevitable, as certain materials show poor stability upon negative or positive
polarizations. The asymmetric TisC,Tx MXene/activated carbon cell is an example of a scenario
since TisCoTx MXene electrode quickly degrades (oxidizes) upon positive polarizations in
aqueous media.[117]

While the desalination capacities of carbon electrodes are typically in the range of 10-30 mg/g,
the battery materials enhanced the capacities to an order of magnitude higher. Examples
include 3D insertion materials such as sodium super ionic conductor (NASICON),[119] Prussian
Blue,[120] and Prussian Blue analogue[121] electrodes with a desalination capacity of around
100 mg NaCl salt per gram electrode or antimony alloying electrode with nearly 300 mg/g for
sodium ion removal.[122]

Desalination capacities above and beyond those values have been recently shown by new cell
concepts where electrocatalytic materials are employed or where the active material in the
electrode or electrolyte is constantly replenished. An example of an electrocatalytic system
includes zinc-air desalination, where an elemental zinc electrode is paired with a MoS;
electrocatalyst that turns the oxygen in the air into hydroxide ions,[123] which shows
desalination capacities beyond 1000 mg/g. Other metal-air desalination systems introduced
so far include magnesium-air[124] and aluminum-air electrodes,[125, 126] all of which are
inspired by the concept of metal-air batteries from the adjacent field of energy storage.[127]
Fuel cell desalination is another prominent example, where platinum electrocatalysts turn the
hydrogen and oxygen inputs into protons and hydroxide ions to simultaneously desalinate,
produce HCl and NaOH as side products, and co-generate electricity.[128] All such materials
could be designated as third-generation electrode materials in electrochemical water
desalination, which show drastically higher desalination capacities, the possibility for
continuous operation, selectivity toward specific ions,[129] and co-generation of electricity,
among others. Figure 15 captures the three generations of electrode materials in

electrochemical desalination systems outlined herein.
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Electrochemical desalination with
carbon materials

1 * Electric double-layer capacitance
» Activated porous carbons up to 27 mg/g desalination
capacity

* Upto 90 mg/g when paired with membranes

Electrochemical desalination with
battery materials

* Faradaic processes such as surface redox, ion

+Cl

inspersion, and conversion reactions
+

* MXenes, Prussian blue, TMDs, TMOs, Ag/AgCl, etc. Agcl
* Up to 300 mg/g desalination capacity

Electrochemical desalination with
electrocatalytic materials

3 * Faradaic processes in presence of an electrocatalyst 0,
¢ Desalination fuel cell, metal-air desalination, etc.

* 1000 mg/g or beyond, with virtually unlimited

capacity via continuous flow systems

Figure 15: Classification of electrode materials based on three generations of electrochemical

desalination systems introduced in Ref.[81]

2.2.3. Performance metrics

For a reliable and meaningful comparison between the merits of different systems within
electrochemical desalination, it becomes necessary to establish precise quantitative criteria
for evaluating cell performances. Among the key performance indicators for an
electrochemical desalination system are desalination capacity, charge efficiency, energy
consumption, and ion selectivity, all of which will be discussed in the following sections. These
criteria, including energy consumption, can also be cautiously applied to assess the strengths
of electrochemical desalination in comparison to adjacent technologies like membrane

filtration or thermal processes.
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Desalination capacity

The desalination capacity (DC) in electrochemical water desalination refers to the system’s
ability to remove salt ions from water. It represents the amount of salt that the system can
effectively remove or reduce within a given time frame. As such, DC is a key quantitative
measure in electrochemical desalination that provides valuable information about the
system’s performance, water production capabilities, and overall suitability for various water

treatment applications. The simple relationship in Eq. (3) shows how the DC can be quantified:

Flow rate X Salt redcution X Cycle duration

DC = (Eq. 3)

Electrodes mass
The salt reduction refers to the reduction in the concentration of effluent water of an
electrochemical desalination cell as a result of voltage application. The product of salt
reduction and cycle duration can be graphically calculated by integrating the area under the
concentration-time curve, like the one shown in Figure 16. The latter area should be, in
principle, similar to the next half-cycle, during the cell discharge and brine production.
However, due to non-idealities, the latter two areas might be non-equal (up to ~10%
different) in practice, and hence an average amount could be taken for calculations.

Alternatively, a DC for the charging step and a DC for the discharging step could be calculated

and compared.

Charging step Discharging step

Regeneration

Concentration

Desalination

> Time
Figure 16: Schematic representation of a typical concentration profile of the effluent of an

electrochemical desalination cell during charging and discharging half-cycles.
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The integrated area in Figure 16 could then be plugged in Eq. (4) to calculate the gravimetric
DC:

DC= ——fCdt (Eq. 4)

Mtotal

where v is the flow rate (L/s), M¢y¢q; is the total mass of both electrodes combined (g), and t
is the time (s) during which a concentration change (mmol/L or mM) occurs. As such, the
gravimetric DC could be obtained as millimoles of salt removed per gram of the electrode or
simply mmol/g.

More commonly, however, the latter value is multiplied by the molar mass of the salt under

study, as formulated in Eq. (5):

DC=

[Cdt (Eq. 5)

Mtotal

where M is the molar mass of the salt (g/mol). As such, the DC will then have the unit of mg/g,
that is, milligram salt removed per gram of the electrode.

Analogous to capacitance supercapacitors or charge storage capacity in battery systems, DC
can also be calculated in gravimetric, volumetric, or areal forms. One could alternatively report
the DC in volumetric form by simply replacing the m;,:,; in the denominator of Eq. (4) or
Eq. (5) by volume of the electrodes (say, in cm3), to obtain volumetric DC with the unit of
mg/cm3. Similarly, areal DC (such as in mg/cm?) can be calculated by normalizing the area of
the electrodes exposed to the flow channel. The latter form is beneficial in reporting the
desalination capacity of electrochemical desalination systems comprised of third-generation
electrodes, such as metal-air desalination.[123-126] In such a system, the exact mass of the
metal electrode participating in the desalination process is often challenging to know. In

contrast, the geometric area of the electrode utilized in the process is easily measurable.

Charge efficiency

The effectiveness of electrical energy utilization for ion removal from water is measured by a
crucial parameter known as charge efficiency (CE) in electrochemical water desalination. This
parameter indicates the proportion of electrical energy dedicated to ion removal compared
to the total electrical energy input to the system. Therefore, charge efficiency is essential in
electrochemical desalination, offering valuable information about energy efficiency and
system performance. It is vital in optimizing system operation and assessing overall system

effectiveness.
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The following simple relationship shows how the CE can be quantified via Eq. (6):

_ electronic charge that contributed to desalination

CE

(Eq. 6)

total electronic charge invested

As such, CE is a unitless value between zero to unity. Alternatively, CE is also reported in
percentage.

The nominator of the latter relationship is equivalent to the total number of salt molecules
removed, which was previously calculated by Eq. (4). To match the units with the nominator,
the denominator should also be represented as the number of electronic charge (that is, the
number of electrons in moles). As such, the above relationship could then be formulated as
Eq. (7):

CE (%) = % x 100 (Eq. 7)

where DC is mmol/g, F is the Faraday constant (96485 C/mol), and Q is the gravimetric
electronic charge (C/g) stored in the electrodes normalized to the total mass of both

electrodes combined.

Energy consumption

It is crucial to analyze the energy consumption of electrochemical desalination to determine
the most energy-efficient system components, such as electrode materials, cell
configurations, or electrolyte concentrations. For instance, energy consumption calculations
can reveal that carbon electrodes exhibit higher energy consumption at higher electrolyte
concentrations. At the same time, Faradaic materials like 2D transition metal sulfides or
MXenes maintain a relatively constant energy consumption across wide concentration
ranges.[5, 8, 117]

One approach to calculating the consumed energy would be to consider the watt-hours (Wh)
required to produce a certain volume of freshwater, commonly reported as Wh/L. The
freshwater is typically defined as less than 500 ppm (< 9 mM NaCl)[68] or less than 1000 ppm
(< 17 mM NacCl).[70] While the Wh/L values are commonly reported in RO technology, they
should be cautiously applied to electrochemical desalination systems. In a general RO process,
over 99 % of the salt content is removed from the product water. In contrast, in
electrochemical desalination at the lab scale, only a small percentage of the salt content is

removed in each charging half-cycle in a single-pass mode of operation.[130]
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Therefore, calculating energy consumption for complete salt removal through electrochemical
desalination might require extrapolation calculations, assuming that the system consumes
energy at the same rate even at very low salt content. However, this assumption could be
incorrect since electrolytes with lower concentrations exhibit higher solution resistance,
resulting in higher energy consumption as the concentration decreases.

Another approach to reporting energy consumption in an electrochemical desalination system
would be to break down the energy to every salt molecule removed from the saline media.
Eqg. (8) can be used to calculate the energy invested in removing a single salt molecule from

the saline stream:

Ucharge
Energy consumption per ion = —-tetal_ (Eq. 8)
Mpyqci

In the latter expression, the numerator provides the consumed energy normalized to the mass

of both electrodes combined (Wh/g), and the denominator gives the moles of salt ions
removed normalized to the mass of both electrodes combined (mmol/g). However, the energy
of the molecular systems is given by the product of Boltzmann constant and temperature
(ksT). At 25 C, 1 Wh would then be equal to 8.75 x 1023 kT, Multiplication of 8.75 x 1023 to the
value obtained by Eq. (8) will then give the energy consumed for the removal of each salt

molecule, such as NaCl from the saline media.

Selectivity

Electrochemical desalination systems can be designed in a way to preferentially remove
certain species from the agueous environment.[11, 131] The latter feature is of high value and
interest for a host of industrial, mining, or municipal activities where certain toxic elements
are present in the wastewater, such as lead[132-134] and cadmium.[135] Selective separation
is also becoming more and more relevant for recovery and recycling of value-added elements,
such as lithium, nickel, cobalt, and manganese ions, contributing toward a circular Li-ion
batteries economy.[136-138]

The selective behavior of an electrochemical desalination system can be typically tuned by
controlling the electric potential,[6] optimizing the electrode materials,[139-141] or kinetics
of the electrochemical process.[142-145] The latter time-dependent selectivity allows for
tailored water treatment based on the desired water quality, such as removal of monovalent
ions during early operation times of the electrochemical desalination system, followed by the

removal of divalent ions in later operation times.[143-146] The scheme in Figure 17 captures
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such a selective behavior when separating a target ion from a mixture of cations in aqueous

media.

Figure 17: Schematic representation of targeted removal of ions from aqueous media.

The preferential removal of certain ions by an electrochemical desalination system can be
guantified by defining a new performance metric known as separation factor. When the ion A

is removed from a mixture of A + B ions, the separation factor, 3, can be expressed following

Eq. (9):

BA/B _ (CA,initial - CA,final) (CB,initial) (EqQ. 9)

C,initial ~ CB,final / \Cainitial

where Cy initiqr and Cy fing; refer to the concentrations of A ions in the beginning and at the
end of the process, respectively; and Cg initiq; and Cp fing refer to the concentrations of B
ions in the beginning and at the end of the process, respectively.[147] The latter expression
simplifies to Eq. (10) when there are equimolar concentrations of the ionic species in the feed

solution.

BA/B _ (CA,initial‘CA,final) (Eq. 10)

C,initial ~ CB,final

A separation factor value near unity, therefore, means that the system is non-selective and
removes both A and B ions indiscriminately. Values of 8,5 larger than one indicates a

favorable removal toward A compared to B.
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2.3. Harnessing 2D materials for electrochemical water desalination and energy
applications

In pursuing novel materials and technologies enabling sustainable water treatment or energy
storage and conversion systems, 2D nanolamellar materials have emerged as promising
candidates.[148-151] Owing to their anisotropic nature that the properties in one direction
differ from those in another direction,[152] 2D materials offer unique properties and
advantages over their conventional bulk (3D) counterparts, as is the case for graphene and
graphite.[153, 154] Also, due to the proximity of all atoms to the surface in a 2D material, their
properties can be significantly altered and tuned.[155] The latter can be accomplished using
surface functionalization, such as the conversion of graphene to graphene acid (G-
COOH),[156, 157] or heteroatom doping, such as in nitrogen doping of the latter two
species.[158]

The proximity of atoms to the surface also exposes the layers of a 2D material (electrode) to
theirimmediate surroundings (electrolyte), maximizing the interactions between the two. The
latter, which potentially also increases the electrochemically active specific surface area of 2D
materials, could be capitalized particularly in (electro)catalytic applications.[159-161] The
extraordinarily high surface area of 2630 m?/g for graphene,[162] as compared with ~12 m?/g
of its 3D bulk counterpart graphite or 100-400 m?/g in the case of multi-walled carbon
nanotubes (CNTs),[163] attests such a surface area enhancement in the 2D form. Similar
enhancements also occur in terms of mechanical and electronic properties. In the graphene
example, since the layers have strongin-plane bonds and are at the same time thin[155] (that
is, a large surface-to-volume ratio), they tend to show high mechanical strength and

flexibility[164] while possessing beneficial processability.[165]

2.3.1. MXene for electrochemical desalination

MXenes are a relatively new class of 2D materials that have garnered significant attention due
to their excellent mechanical, electrical, and thermal properties.[166] These materials
comprise transition metal atoms sandwiched between carbon and/or nitrogen atoms.
MXenes have shown potential for various applications in the water-energy nexus, including
water remediation[7] and energy storage.[167] For instance, MXene-based membranes have
shown promising performance in water desalination,[168-170] while MXene-based electrodes

have been widely used for lithium-ion batteries.[171]

32



MXenes are produced from their parent material MAX phase. MAX phases are a family of
layered ternary compounds that consist of a transition metal (M), an element from group A
(A), and carbon or nitrogen (X). The name “MAX” is derived from the first letters of the
chemical symbols representing the components. Since their discovery, one of the most widely
studied MAX phase and MXene have been TisAIC; and TisC,Ty, respectively. Figure 18
schematically shows the synthesis route to fabricate TizAIC; MAX phase from its elemental

precursors and its further processing to obtain TizC;Tx MXene and subsequent delamination.

Ti;AIC, Ti;C,T,
- Pellets MAX MXene
SYRCHE L b= 9 N\
H ]
ik Sinter ~ —— —
Elemental
precursors

Figure 18: Processing of titanium, aluminum, and carbon elemental precursors to obtain

TisAlC; MAX phase, TisC,Tx MXene, and finally delaminated TisC,Tx MXene sheets.

To better understand the MXene properties, it is imperative to know how MXene ins obtained
from its parent MAX phase material. MAX phase compounds have a unique crystal structure,
typically with alternating layers of M-X atoms separated by layers of A atoms, as schematically
shown in Figure 19. The synthesis of MXenes typically involves selectively etching aluminum
(A) layers from various MAX phases using aqueous hydrofluoric acid (HF) at room
temperature.[172, 173] As shown in Figure 19, upon HF treatment of the MAX phase, the
aluminum layer is selectively removed from the stack, leaving behind M-X layers,
MXenes.[174] The process of removing the A (in this case, Aluminum) atoms from the MAX

phase and its concomitant layer opening is called exfoliation.
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During the latter process, the dangling bonds on the surface of MXene sheets cling to the
species present in the reaction environment, such as -O, -OH, and -F, in case the reaction
media is aqueous. The said surface terminations are often collectively represented by Tx in
MXene’s stoichiometric formula, such as TisC,Tyx in the case of titanium carbide MXene. The -
O and -OH bonds on the MXene surface (weakly) hold together its layered structure via
hydrogen and van der Waals bonds. As such, MXenes can be easily delaminated when a bulky
organic molecule is intercalated in between its layers, such as DMSO, Hydrazine,[175] or
TBAOH.[176] The delamination process is not to be confused with exfoliation, though they are
sometimes used interchangeably in the literature. As outlined earlier, exfoliation means
opening up the layers during acid (commonly HF) treatment of the MAX phase, turning them
into stacks of multilayered accordion-like MXene structures. Delamination, however, refers to
breaking the weak bonds between the latter MXene layers, turning them into single or few-
layered MXene sheets.

3
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Figure 19: Schematic representation of MXene synthesis via acid treatment of a MAX phase in

aqueous media and the simultaneous formation of surface terminations.

Furthermore, owing to the -O and -OH bonds, MXenes exhibit hydrophilicity and can be
processed into films[177] or inks to print electrodes.[178] MXenes also inherit a number of
their properties from their parent MAX phases. Among the most prominent features is their
high electrical conductivity, making them suitable as electrodes for electrochemical systems.
For TisC,Tx MXene, for instance, very high values for electrical conductivities of up to
9800 S/cm have been reported.[179] Much of the MXenes properties are dictated by the
interlayer spacing, lateral size, and surface terminations,[180] which depend on the MXene
synthesis route.[172] Table 3 lists several TizC;Tx MXene fabrication routes from its parent

MAX phase TisAlC,.
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In addition to making MXene surfaces hydrophilic, the -O/-OH surface terminations are also
redox-active and contribute toward enhanced charge storage capacities. Surface termination
engineering of TisC;Tx MXene has shown that higher contents of -O functional groups lead to
almost a two-fold increase in gravimetric capacitance of TisC,Tx MXene as supercapacitor
electrodes in 1 M H,SOs electrolyte.[181] The latter engineering techniques to maximize the
ratio of -O to -F functional groups include, among others, etching of the MAX phase with lower
HF concentrations,[181] LiF-HCI etching instead of HF etching,[182] and alkalization of the
synthesized MXene (treatment with KOH, for instance).[183] In lithium-sulfur batteries, the
redox-active hydroxyl surface groups and Ti sites break down the polysulfide species, thereby
hindering the parasitic polysulfide shuttling effect,[184] as confirmed by studies on
Ti2CTy,[185] TizCaTx,[186] and TisCNTx MXenes.[187]

While the -O/-OH surface terminations are beneficial toward enhanced energy storage
capabilities and stability, the -F surface terminations have shown to be detrimental in that
regard, as the -F surface terminations block electrolyte ion transport,[188] and make the
MXene surface hydrophobic.[189] As such, even though MXenes with fluorine-rich surfaces
are not promising electrodes for energy storage, they have shown promise in energy
harvesting and energy conversion. Fluorine-rich and hydroxyl-free terminated TizC,Tx MXene,
for instance, has been used as additives in perovskite solar cells with improved
triboelectric hydrogen evolution

performance,[189] in generation,[190] or in

electrocatalysis.[191]

Table 3: Summary of different etching methods to convert TizAlIC; MAX into TisC;Tx MXene.

Etching Method | Etchant Conditions T, Ref.
. HF (50 mass %) 25°C,2h [192]
Z\tlce;;hem'ca' HCI (6 M) + LiF 40°C, 45 h _OH, -0, -F [193]
g HF (10 mass %) + LiCl 25 °C, 24 h [194]
CuCl, 750 °C, 24 h [195]
Molten salt ZnCl, 550°C, 5 h Cl, [196]
lonic liquid EMIMBF4 80°C,20h -0, -OH (after wash) | [197]
Halogen etchin 12 (s) 100°C, 4d -0, -OH (after wash) | [198]
g & | 12(s), Bra (1), Icl (1), Ibr (s) | -78-70°C, 4-8 h I, -Br [199]
Electrochemical 2 M aqueous HCl -0.6V,5d -Cl, -OH, -0 [200]
Alkali etching 27.5 M NaOH 270°C, 12 h -OH, -0 [201]
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Most of the etching techniques listed in Table 3 can also be employed to etch MAX phases
other than TizAlC,, such as HF etching of Ti;AIC MAX into Ti.CTx MXene,[171] HCI + LiF etching
of V,AIC MAX into V,CTx MXene,[202] or molten salt etching of Nb,AIC MAX into Nb,CTx
MXene,[203] among many others. The etching conditions must be adjusted for each MAX
phase composition to achieve successful conversion due to varying bond strengths between
the metal elements and A layers.[204] Within one composition, two slightly different etching
routes can result in distinct physicochemical properties of the resulting MXene. The latter is
best shown in the TisAIC, MAX phase when treated with HF etching and HCI + LiF etching
routes. Nuclear magnetic resonance studies on the resulting TisC,Tx MXenes show a majority
of F-terminated surfaces in the former route and a majority of O-terminated surfaces in the
latter route. XRD analysis also shows a significantly different interlayer spacing between the
two synthesis routes, with a c-lattice parameter of 25 A for the HCl + LiF etched sample
compared to that of HF-etched MXene at around 19-20 A.[182]

Once the MXene is synthesized, it can be readily employed in its multilayered form or can
undergo further post-processing techniques to alter its surface chemistry, interlayer spacing,
and lateral size of the flakes or to be delaminated.[205] Surface chemistry modifications
include minimizing the population of F surface terminations and maximizing O/OH populations
since the latter is redox-active and can bring enhancements for battery applications. Such
techniques include hydrogen heat treatment,[206] vacuum heat treatment,[207] or
alkalization, such as the treatment of MXene with KOH.[183, 208, 209] The alkalization
technique simultaneously can increase the interlayer spacing, boosting the
capacity/capacitance of the MXene electrodes by enabling more ions to be accommodated
within the MXene galleries. It has been shown that an interlayer expansion of KOH-treated
MXene from a c-lattice parameter of 19.2 A to 25.0 A has resulted in a three-fold increase in
the capacitance of MXene supercapacitor compared to the untreated MXene.[183] Other
ways to significantly increase the MXene interlayer spacing, apart from KOH treatment (K*
pre-intercalation), include pillaring of MXene with large inorganic atoms. An example is SiO»-
pillared TisC;Tx MXene, which has shown a four-fold increase in the capacity of MXene

electrodes for Li-ion batteries.[210]
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The lateral size of MXene can also play a key role in the kinetics of the ion intercalation, which
is of high importance when it comes to energy storage systems,[211] as well as non-
electrochemical systems such as ion-sieving applications of MXenes.[170, 212] The electrolyte
ions in the immediate surroundings of an MXene electrode interact with shallow and deep
sites along the layers of MXenes.[213] The deep sites of MXene layers with ultra-large lateral
sizes are more challenging to reach. As such, the diffusion path lengths will increase, leading
to a more sluggish charge storage kinetics.[211] Control over the desired lateral size becomes
vital to optimize the electrochemical performance of energy storage devices made of MXene
electrodes.

Similar to MXene’s surface chemistry outlined earlier, MXene's lateral size is also highly
dependent on the synthesis route of MXene from the MAX phase and any post-processing
that MXene undergoes afterward. In the case of MXene’s lateral size, however, the preceding
step, MAX synthesis, also dictates the upper limit of MXene’s lateral size. It has been shown
that longer sintering times result in MAX phases of significantly larger lateral sizes. Heat
treatment of TisAIC; MAX phase precursors at 1400 °C,[214] instead of commonly 2 h,[215]
has resulted in MAX phase flake sizes of up to 75 um. Since the MXene flakes, once
synthesized, cannot be fused to constitute larger flakes, efforts should be made to translate
the lateral size of the parent MAX phase into individual MXene sheets. Figure 20 summarizes
the experimental techniques used to control the flake sizes of MXenes. As shown, the MXene
sheets maintain the largest lateral sizes by application of mechanical energy with the least

intensity, such as gentle manual shaking.
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Figure 20: Schematic representation of the degree of control over MXene’s lateral size by the

magnitude of mechanical energy applied after etching with HCI/LiF.

Due to the high tunability of MXene properties, such as its interlayer spacings, lateral sizes,
surface chemistry, and generally high electrical conductivity, MXene has become the subject
of many electrochemical systems. Electrochemical desalination with MXene electrodes has
been the subject of several studies during the past few years.[106, 216-218] MXene was first
explored in 2016 as electrodes for electrochemical desalination of NaCl solutions of low
molarity.[106] In the latter report, symmetric electrodes made of multilayered TisC,Tx MXene
(HF-etched TisAIC;) were shown to have been effective in stable electrochemical desalination
of 5mM NaCl solutions for over 30 cycles, with an average desalination capacity of
13+2 mg/g.[106] Numerous studies have then employed modification techniques on Ti3C,Tx
MXene to increase its desalination capacity, such as nitrogen doping,[219] argon plasma
treatment,[220] freeze-drying,[108] or delamination.[108]

Table 4 and Table 5 list a number of studies that employed MXenes as symmetric and
asymmetric electrodes, respectively, for electrochemical desalination, along with their

operational parameters and key results.
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Table 4: Comparison of different MXene electrode types and systems for electrochemical desalination with symmetric MXene/MXene electrodes.

N/A: not available.

. NaCl concen- | Electrolyte
Electrode Additive BET SSA DC . Cell voltage Membran
. ) tration flow rate Layered status Ref.
material (mass%) (m?/g) (mg/g) . (V) e
(mM) (mL/min)
TisCyTx - 6 13 5 22 1.2 Multilayered | - [106]
Mo1.33CT CNT: 10 30 5/9/15 5/50/600 15 0.8 Delaminated by (8]
B ' ' TBAOH*

Cryo-dried Super P: 10 Delaminated by

_ 293 45 171 40 1.2 - [108]
TizCaTx PVDF: 10 chloroform
LiF/HCL-etched Delaminated by

, - 2 68 10 20 1.2 , - [221]
TizCaTx LiF/HCI
N-doped Super P: 10 Delaminated by

. 369 44 86 30 1.2 - [219]
TizCyTx PVDF: 10 chloroform
Pre-

. OLC**:10 9.2 i AEM +

conditioned N/A 10 5-20 1.2 Multilayered [222]

, PTFE: 5 (max) CEM***
TizCaTx

*TBAOH: tetrabutylammonium hydroxide
**0LC: onion-like carbon
***AEM: anion exchange membrane, CEM: cation exchange membrane.
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Table 5: Comparison of different MXene electrode types and systems for electrochemical desalination with asymmetric electrodes with MXene as
cathode (negative electrode). N/A: not available.

. . NacCl Electrolyt Me
Cathode Additives for | Anode Additives | BET SSA of Cell
. . DC CE | concen- | eflow Layered m-
(negative cathode (positive for anode | cathode ] voltag Ref.
) (mg/g) | (%) | tration rate status bra
electrode) | (mass %) electrode) | (mass %) (m?/g) . e (V)
(mM) (mL/min) ne
. AE
. Acetylene Delaminate
. Activated ) M +
TisCoTx - black: 10 N/A 72 N/A | 5 50 1.6 d by LiF/HCI [223]
carbon CE
PVDF: 10 + DMSO*
M
w &
. 0.9 .
. Activated Multilayere | w/o
TisCoTx CNT: 10 PTFE: 5 7 12/8 85 20/600 2 (0.3- [117]
carbon d AE
1.2)
M
NaOH- . Super P: .
) Super P: 10 Activated 83/ Multilayere
intercalated 10 N/A 12/16 2/9 25 1.2 - [224]
. PVDF: 10 carbon 77 d
TisCoTx PVDF: 10
Delaminate
NaOH- . .
) Activated d by LiF/HCI
intercalated | PTFE: 5 N/A 49 16 80 |2 N/A 1.2 - [217]
) carbon + freeze-
TizCaTx .
dried
NaOH- Carbon Activated Multi
ctivate ultilayere
intercalated | black: 10 N/A N/A 15 81 |2 10 1.2 Y - [218]
) carbon d
TisCyTx PTFE: 5

* DMSO: dimethyl sulfoxide
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As observed in the latter tables, TisC;Tx MXene in its multilayered form has shown a
desalination capacity of around 10-15 mg/g across a wide range of electrolyte concentrations
tested,[216, 222] while the delaminated MXene can boost the desalination capacity up to
around 70 mg/g. This is most probably because the delamination minimizes that portion of
layers inaccessible to the electrolyte in the multilayered form and maximizes their exposure
to the salt ions to interact with them. Delaminated MXene sheets have also shown promise to
be used as flowing electrode cells for removing and recovering elements from water.[225]
Other efforts have revolved around the hybridization of MXene with heterostructures that can
facilitate better ion transport through its interlayers, enhance conductivity, and prevent
oxidation, such as MXene-polydopamine[226] or organic framework-bound MXene,[227]

MXene/metal oxides[228-230] or MXene/Prussian Blue analogue[231] composites.

2.3.2. MBene for energy storage

The discovery of MXenes in 2011 has spurred extensive research in two-dimensional (2D)
materials beyond graphene.[232, 233] Among these materials are MBenes, or transition metal
borides (such as MoB), which bear structural similarities to MXenes but differ in stoichiometry
and layer arrangement.[234] While the synthesis of non-2D metal borides has been
documented for several decades,[235, 236] it was only in 2021 that a top-down synthesis
approach for producing 2D metal borides (MBenes or Boridenes) from their parent MAB
phases was first reported.[237]. In the typical MAB phase, similar to a MAX phase, early
transition metal atoms (M) form bonded layers with boron atoms (B), which are periodically
interleaved by mono- or bi-layers of aluminum (A). The M-A bonds display metallic properties,
while the M-B bonds possess a mixed metallic/ionic/covalent character, enabling aluminum
etching: MAB, MAB;, M2A;B,, M3AB4, and M4AIBe.[234, 238] However, only a limited number
of MAB phases have been (partially) etched to form MBenes thus far.[239, 240]
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Like in the case of MAX phase synthesis, MAB phases are typically fabricated through high-
temperature sintering of the precursors, as illustrated in Figure 21 for the synthesis of MoAIB
as a model MAB phase. One of the advantages of MBenes over MXenes is the less harsh
etching conditions required for their fabrication. Dilute HCI has been proven efficient in a near-
complete Al removal from Cr,AIB, MAB,[241, 242] whereas highly toxic HF acid is a common
etchant for MAX phases.[243] NaOH has also been reported as an etchant to partially remove
aluminum from various Mo-Al-B MAB phases.[244-246] In contrast to MAX phases, where
complete removal of the aluminum layer sandwiched between M-X octahedral blocks is
commonly achieved, etching of MAB phases can leave cavities and stacking faults in its

structure,[239, 245] as shown schematically in Figure 22.
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Figure 21: Step-by-step representation of MoAIB synthesis procedure and subsequent NaOH

etching.
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Figure 22: (A) Schematic representation of MoAIB (MAB phase) crystal structure and (B) its
interaction with NaOH, resulting in a structure with cavities and stacking faults of co-existing

Al-deficient MAB species (MoAl1-xB) and MAB phase.
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Figure 23A shows the scanning electron microscopy images of the as-synthesized MoAIB MAB
phase with tightly stacked layers, reminiscent of MAX phases.[247] We have then treated the
MoAIB MAB phase with aqueous NaOH solutions (10 mass %) for one day at room
temperature. As shown by the NaOH-1d sample in Figure 23B, the tightly packed layers of
MoAIB exfoliate while forming cavities. We performed energy-dispersive X-ray (EDX) analysis
(Table 6) on the MoAIB parent material and the derived NaOH-treated materials. EDX shows
a clear decreasing trend in aluminum content from 1 day to 4 days of NaOH treatment. The
aluminum is only partially removed, suggesting that some of the aluminum double layers in
the parent material are deintercalated to become single layers.[248] The stoichiometry of the
resulting structures can thus be written as MoAl1xB, where x could be 0.1, 0.2, and 0.3 for

samples treated for 1 d, 2 d, and 4 d, respectively, according to the findings in Table 6.

X 5% 5

Figure 23: Scanning electron micrographs of (A) pristine MoAIB MAB, and after etching with

NaOH for (B) 1 day and (C) 2 days.

Table 6: Elemental composition of pristine and NaOH-treated MAB samples.

(at %) Al Mo o F
MAB 464 464 816 -
NaOH-1d 4043 4443 1645 -
NaOH-2d 34+4 4445 19+4 <3
NaOH-4d 3145 4347 25+12 -
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Although the MoAIB MAB phase shows negligible ion storage properties[238] due to their
minimal population of ion intercalation sites, the cavity-rich morphology of the derived
MBene species could give rise to an ion-accessible electrode, potentially enhancing charge
storage performances.[249] We have evidenced the latter by performing half-cell cyclic
voltammetry measurements with electrodes made of the MAB phase and its 1-day and 2-day
NaOH-treated derivatives. As observed in Figure 24, there is a mild increase in the capacitance

going from untreated MAB phase to its 1-day-treated derivative to its 2-day-treated

derivative.
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Figure 24: Effect of longer etching durations on electrochemical stability window and pristine MAB
phase capacitance after NaOH treatment for 1 day and 2 days. All measurements used 1 M aqueous

NaCl solution as an electrolyte at 1 mV/s scan rate.

2.3.3. TMD for energy conversion

As outlined before, the water-energy nexus consists of an ecosystem of water desalination
technologies hand in hand with energy generation, conversion, and storage systems
(Figure 1). However, energy generation systems such as wind or solar energy sources have an
intermittent nature, which is often asynchronous with the energy demands of human
activities during the day and night.[250] Consequently, converting the generated energy and
its sustainable storage becomes imperative to buffer the mismatch between energy supply

and demand.[251]
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Until this date, the most common hydrogen production method is via steam reforming of
hydrocarbons in the oil and gas industry.[252, 253] Electrochemical production of hydrogen
gas could be a promising route to convert and store excess electrical energy as chemical
energy.[254] In such a method, an electric potential is applied to an electrochemical cell of
two electrodes immersed in an aqueous electrolyte. The electronic charge passed through the
external circuit will transfer from the electrode surface to the electrolyte ions, such as protons
in the electrolyte, reducing them into hydrogen gas at the negative electrode (cathode).
Similarly, water molecules adjacent to the positive electrode (anode) give up their electrons,
evolving oxygen gas and the generation of protons used by the negative electrode.[255]
Figure 25 shows an electrochemical cell that works with such mechanisms (an electrolyzer

cell) and the electrodes in such a cell (electrocatalysts).
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Figure 25: Schematic illustration of an electrolyzer cell's hydrogen and oxygen evolution

reactions, adapted with permission from Ref.[233]
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In pursuit of earth-abundant and non-precious materials suitable for electrocatalysis,
MXenes[256-261] and transition metal dichalcogenides (TMDs)[262, 263] have shown
promise for both hydrogen evolution reaction (HER) and oxygen evolution reaction (OER).
What makes MXenes a good candidate for HER are, among others, their high electrical
conductivity, their hydrophilic nature, and the tunability of their catalytically active surface
groups at their basal planes.[264, 265] For instance, tuning the surface chemistry (that is, Ty)
of TisCoTy, Ti2CTx, M02CTx MXenes, has shown that electrocatalytic activities significantly
improve by minimizing fluorine groups and maximizing oxygen groups.[264] Delamination of
Mo,CTx MXene has been shown to further increase its electrocatalytic activity by exposing a
more significant proportion of its basal planes to the electrolyte ions.[266]

TMDs, like MXenes, also offer rich chemistry and high structural and electronic tunability for
electrocatalytic applications. In a pioneering work in 2005,[267] MoS; was theoretically
studied, and it was found that hydrogen atoms can bind to MoS; with energy barriers close to
platinum. Since then, numerous have studied the latter material and other TMDs, in an
attempt to boost their electrocatalytic performances. Defect engineering of MoS,, for
instance, has shown that a high level of sulfur vacancies increased the HER activity.[268, 269]
There are, in general, two kinds of surface sites on TMD sheets: the unsaturated edge sites of
the sheets, which are active, and the inactive terrace sites at the basal planes.[270-272] As
such, nano-structuring of TMDs so that the maximum number of edge sites of TMD sheets are
exposed has shown to be very effective in boosting electrocatalytic activities.[271, 273]
Moreover, while TMDs offer outstanding versatility in their chemistry and attractive
electrocatalytic activities that make them a promising candidate for energy conversion
applications, they commonly suffer from poor electrical conductivities (both in bulk and
exfoliated forms) for use as electrodes. For example, MoS; shows an in-plane conductivity of
as low as 0.2 S/cm in its 2H phase (trigonal prismatic, semiconducting) and 10-100 S/cm in its
1T phase (octahedral, metallic).[274] Therefore, to approach their maximum performances,
bulk (3D) TMDs are commonly exfoliated into their 2D nanosheets and/or integrated into a
carbon network, such as graphene[275, 276] or CNTs.[277, 278] Hence, TMDs' performance
could be boosted by their intimate mixing with a highly conductive backbone that can provide
efficient charge transfer and expose the maximum number of TMDs active sites. MXenes as
highly conductive 2D materials (up to 24:10% S/cm in the case of TisCaTx[279]) can fulfill the

latter criteria.
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Hydrothermal synthesis of TMDs onto MXenes[187, 280, 281], vacuum-assisted co-filtration
of TMDs and MXene dispersions[282, 283], and vapor deposition of MXene on TMD[284] are
among various techniques recently employed to fabricate MXene/TMD composites. Each
hybridization method has different complexity and labor intensity, resulting in specific
morphologies.[285, 286] One-step synthesis methods often offer more simplicity and a higher
potential for industrial-scale manufacturing. The one-step sacrificial conversion of MXene into
TMD via in-situ thermal sulfidation is a facile hybridization method that requires no TMD
precursors (unlike hydrothermal and vapor deposition methods), and results in a morphology
that is highly accessible to electrolytes and allows for fast charge transfer.[287-289]

In this method, MXene is sacrificially transformed into its respective TMD under a flow of H,S
gas or through sulfur sublimation (Figure 26). The degree of MXene-to-TMD conversion
depends on the treatment temperature and duration. Hybrid MXene/TMD heterostructures
of Mo, TiC;Tx/M0S2,[290] M0,CTx/M0S;,[291] and TisC,T«/TiS2[287, 288] have been produced
via the MXene sulfidation technique. These MXene-derived TMDs are distributed in the matrix
of parent MXene, resulting in intimate contact between the two phases and providing strong

adhesion and a nanohybrid interface.[291]
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Figure 26: Direct sacrificial conversion of Nb,C MXene into niobium sulfide upon heat

treatment of MXene under H,S gas.
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2.3.4. High-entropy 2D materials

High-entropy materials are a specific category comprised of multiple principal elements in
roughly equal atomic percentages, in contrast to conventional alloys with only one or two
principal elements. Even though the definition of a high-entropy has been the subject of
controversy,[292] two main definitions are commonly used: (I) when an alloy consists of at
least five major metal elements, with each having an atomic content in the range of 5-35 %;
(I1) when an alloy possesses a configurational entropy greater than 1.5R (the latter border line
was previously set as 0.69R and 1.61R[293]). Definition (II) can be expressed as Eq. (11) [294,
295]:

ASconfig = —R X x; Inx; (Eqg. 11)
where R is the ideal gas constant, and x; is the mole fraction of the i*" metallic component.
Examples include multi-principal-element high-entropy MaCsTx MXenes such as TiVNbMoCsTy
and TiVCrMoCsTx that have been fabricated by high-temperature sintering of their mixed
metal elemental precursors,[296] as opposed to the conventual heat treatment of single
transition metal element. Figure 27 schematically shows a spectrum where a regular low-
entropy 2D material can be turned into multi-principal 2D material with medium or high

configurational entropy by introducing more atomic species to its structure.
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Figure 27: Schematic illustration of 2D materials with low to high configurational entropies,

adapted with permission from Ref.[233]

48



The intricate composition of high-entropy materials brings about distinct properties and
characteristics that set them apart from traditional materials.[297] High-entropy materials
have emerged as a relatively new field and thus offer new possibilities for research in various
applications.[298] Specifically, a key property enhancement lies within energy
conversion,[299-302] where high-entropy 2D materials potentially exhibit clear advantages
over traditional 2D materials.

A successful electrocatalyst for breaking water into hydrogen gas is a material that possesses,
among others, the most exposed active sites for the HER reaction to take place.[303-305]
Through the high-entropy strategy, the HER activity of a metal phosphorus trichalcogenides
such as CoPSs is tuned by optimizing the sulfur sites on the edges and phosphorus sites on the
basal planes of its high-entropy counterpart, that is, Coo.6(VMnNiZn)o.4PS3.[306] As a result,
Coo.6(VMnNiZn)o.4PS3 was found to exhibit over 15 times enhanced catalytic activity for the
HER compared to CoPSs, with overpotential values decreased from around 200 mV for the
latter to 66 mV for the former (at a current density of 10 mA/cm?). Besides increasing its
catalytically active sites, the diversification of metal sites on a 2D material also facilitates the
kinetics of adsorption-desorption of reaction intermediates formed during electrocatalysis.
Similar enhancements have been reported for the high-entropy 2D transition metal
dichalcogenide MoWVNbTaS,, for electrocatalytic CO, capture and its conversion into
CO.[307] It has been shown that when a CO, molecule approaches the surface, it strongly
binds to the transition metal, forming COOH* and CO* reaction intermediates. The presence
of neighboring diverse metal atoms in the high-entropy material reduces the energy barrier
for desorption, facilitating the breakage of the CO bond.

The high-entropy strategy can also be beneficial for energy storage systems, whether in the
choice of electrode materials[308, 309] or electrolyte compositions.[310-312] Since an energy
storage system's gravimetric charge storage capacity is often a highly sought-after
performance metric, diversifying principal elements in the electrode by incorporating heavy
metal atoms might result in negligible or even adverse effects in the latter metric. That was
observed when the high-entropy Ti1.1Vo0.7CrkNb1.0TaosC3Tx MXene was employed as a lithium-
ion battery anode with a first-cycle capacity of only 126 mAh/g (at 0.01 A/g) whereas that has
been 410 mAh/g for regular low-entropy TizsC,Tx MXene (at a rate of 1C),[313] though the high-

entropy MXene showed improved cycle stability.[314]
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As such, a promising design of a high-entropy energy storage system would be to capitalize on
the conversion reactions of such a 2D material since the charge storage capacity contribution
from the intercalation of such materials could be limited.[315] For instance, a high-entropy
MXene could effectively utilize the high theoretical capacity of multistep sulfur conversion
processes for improved energy storage (1672 mAh/g for sulfur).[316] This led to higher
capacities of around 900 mAh/g (at a rate of 1C) and an improved rate capability of 702 mAh/g
(at a rate of 4C), along with promising cycling stability for (Ti1/3V1/6Zri1/6Nb1/sTa1/6)2CxN1—
MXene.[317]
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3. Approach and Overview

The research section of this thesis consists of 6 chapters that explore advanced materials for
addressing challenges in the water-energy nexus, as summarized in Figure 28.

In Chapter 1, we explore the best practices for generating and analyzing data in the field of
electrochemical water desalination. The chapter focuses on the experimental setup, data
processing, and calculations of relevant metrics employed in a typical electrochemical
desalination study. Here, we discuss the challenges associated with data interpretation and
provide recommendations for accurate and reliable data generation and analysis in this field.
Chapter 2 then explores the field of electrochemical water desalination using
MXene/activated carbon hybrids. We begin by introducing the unique properties of MXene
and activated carbon, highlighting the merit of MXene as a 2D nanolamellar material capable
of desalination at seawater-level saline solutions without using any ion-exchange membranes.
We show that the latter ‘forced permselectivity’ of an asymmetric MXene/activated carbon
cell contrasts sharply with a symmetric activated carbon/activated carbon cell where virtually
no ion removal is accomplished in saline media of such high molar strengths. We further
investigate the stability of MXene electrodes up to 100 cycles of operation and show how
performance decay over time is linked to the MXene electrode degradation, that is, titanium
oxide formation on titanium carbide layers.

Chapter 3 focuses on the time-dependent cation selectivity of titanium carbide MXene in an
aqueous solution of several alkaline and alkaline earth cations and explores the underlying
mechanisms behind the observed selectivity changes throughout long-term desalination.
Online monitoring of desalination data via plasma spectroscopy and in-situ X-ray
characterization is presented to support our analysis. We also discuss the implications of time-
dependent cation selectivity for various applications, such as water softening or separation of

value-added elements such as lithium.
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Chapter 4 investigates the synthesis and characterization of layered nano-mosaic structures
of niobium sulfide heterostructures by direct sulfidation of niobium carbide MXenes, and their
potential application as electrocatalysts for hydrogen evolution reaction. This chapter focuses
on the facile fabrication process of sacrificial conversion of MXene into transition metal
dichalcogenides and the degree of control over the said conversion degree by adjustment of
heat treatment temperature and durations. We then show how the sulfidation of two MXene
types with similar atomic compositions but different slab thicknesses, namely Nb,CTx and
NbsCsTx, can result in heterostructures with significantly different morphologies. We
investigate the electrocatalytic properties of those niobium MXene-niobium sulfide
heterostructures for hydrogen evolution reactions and discuss the potential for their
utilization in sustainable energy conversion systems.

Chapter 5 discusses the development of layered molybdenum borides (MoAIB and Mo2AIB;),
which are structurally similar to MXenes, as potential battery electrode materials, specifically
targeting Li-ion and Na-ion batteries. Here, it is highlighted that the environmental-
friendliness of sodium hydroxide as the etchant to fabricate layered borides, as opposed to
HF, which is the highly toxic etchant to fabricate MXenes. After delving into the structural
characterization of layered molybdenum borides, their performance testing as Li-ion and Na-
ion battery electrode materials shows their promise for sustainable energy storage
applications.

Chapter 6 explores the emerging field of functional two-dimensional high-entropy materials.
We begin by introducing the concept of high-entropy materials, the tunability of such
materials, and the added value brought by the high-entropy strategy. The chapter focuses on
these materials' functional properties and potential applications in various fields, such as
energy storage and conversion. This section provides the prospects and challenges in this

rapidly evolving research area.
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Figure 28: An outline of the following 6 chapters with results and discussions around advanced
materials for addressing challenges in the water-energy nexus, adapted with permission from
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4. Results and Discussion
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SUMMARY

Electrochemical desalination shows promise for ion-selective, en-
ergy-efficient water desalination. This work reviews performance
metrics commonly used for electrochemical desalination. We pro-
vide a step-by-step guide on acquiring, processing, and calculating
raw desalination data, emphasizing informative and reliable figures
of merit. A typical experiment uses calibrated conductivity probes
to relate measured conductivity to concentration. Using a standard
electrochemical desalination cell with activated carbon electrodes,
we demonstrate the calculation of desalination capacity, charge
efficiency, energy consumption, and ion selectivity metrics. We
address potential pitfalls in performance metric calculations,
including leakage current (charge) considerations and aging of
conductivity probes, which can lead to inaccurate results. The rela-
tionships between pH, temperature, and conductivity are explored,
highlighting their influence on final concentrations. Finally, we pro-
vide a checklist for calculating performance metrics and planning
electrochemical desalination tests to ensure accuracy and reliability.
Additionally, we offer simplified spreadsheet tools to aid data
processing, system design, estimations, and upscaling.

INTRODUCTION

Electrochemical water desalination is a promising technology that removes the salt
ions from aqueous saline media by applying electrical potential as the driving force.
Electrodialysis and capacitive deionization are two powerful electrochemical desali-
nation techniques that have the potential toward ion-selective,’” low-energy-
consuming,” high water recovery,” and economical® water remediation. In filtration
processes such as reverse osmosis, by contrast, pressure serves as the driving force
for ion migration; in thermal processes such as distillation processes, heat is the
driving force that draws the water molecules out of a saline stream. In contrast,
the fundamentally different driving force in electrothermal water desalination is
the electrical field that draws the salt molecules out of a saline stream. As such,
what makes electrochemical water desalination particularly interesting, among
other factors, is that its energy consumption strongly depends on the initial salt
concentration of the feed water, unlike other conventional thermal- or pressure-
driven processes.”’ Comprehensive techno-economic analysis indicates that for a
threshold between 3,000 and 30,000 ppm NaCl concentration levels in feedwater,
a crossover point occurs for electrochemical water desalination and reverse osmosis.
That is, electrochemical water desalination technologies below the mentioned
threshold have become increasingly more economically attractive than reverse
osmosis.”
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The energy and cost efficiency,” along with many other attractive unique capabil-
ities, such as partially recovering the invested energy” or selective separation of
ions,”'"" have made electrochemical desalination the subject of numerous studies
during the past two decades.'”"'” The key to making those studies reliable, compa-
rable, and reproducible are clear guidelines on how electrochemical desalination
data are acquired, processed, and reported. Yet such best-practice studies are
limited in the literature, which could limit the rapid advancement of electrochemical
desalination technology.

In a typical electrochemical desalination cell, a voltage is applied to a pair of elec-
trodes, and an aqueous saline medium, commonly NaCl, is the electrolyte that
continuously flows in and out of the cell. As such, an electrochemical desalination
cell could be considered a supercapacitor/battery, only different in that the electro-
lyte flows through an electrochemical desalination cell. In contrast, it is stagnant in
regular supercapacitors/batteries. The standard and probably simplest form of an
electrochemical desalination cell is where the water stream passes between and
tangentially to the two electrodes, known as the flow-by configuration (Figure S1).
Upon polarization of carbon electrodes by applying a charging or discharging
voltage, the system’s response is commonly recorded in the form of the following
key variables: (1) the amount of electric charge stored in the electrodes and (2)
the change in the conductivity of the outflowing water. Depending on the available
infrastructure, one might record additional variables, such as pH and temperature of
outflowing water.

In the present study, we first deal with the conversion of the measured conductivity
and pH data into actual salt concentration. We then establish the design of a
typical electrochemical water desalination setup consisting of an electrochemical
desalination cell with a pair of symmetric activated carbon electrodes in its core
and conductivity and pH probes placed downstream of the cell. We show how the
obtained conductivity and pH data can be related to the concentration and how
the latter concentration obtained is further processed into commonly reported desa-
lination performance metrics in the literature,'® namely, desalination capacity,
charge efficiency, and energy consumption. With the aid of an online elemental
monitoring apparatus, we also investigate electrochemical desalination with a
mixed-salt electrolyte and show how the preferential removal of specific ions could
be quantified and reported in terms of selectivity metrics.

We then systematically investigate the effects of temperature and the aging of the
conductivity probe over a 6-month period and how that influences the final reported
desalination performance metrics. Finally, we recommend to the community of
electrochemical water desalination researchers when and how to best calibrate
the conductivity probes to avoid skewing the results. We also provide several simpli-
fied and easy-to-use spreadsheets that readily enable the synchronization between
pH and concentration data, calculation of concentrations, conversion of standard
concentration units (mg L™, ppm, mmol L™") into one another, calculation of the
electrode mass needed to achieve a desired water quality, and much more.

RESULTS AND DISCUSSION

Description of a typical desalination setup and experiment

Figure 1A schematically shows a typical electrochemical desalination setup. An elec-
trolyte tank (in our case, typically 10 L) provides a practically constant concentration
of saline water fed into the cell. However, the size of the tank needs to be adjusted for
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Figure 1. Electrochemical desalination setup and real-time response of the cell

(A) Schematic representation of a typical electrochemical desalination setup; WE, working
electrode; CE, counter electrode.

(B) The applied cell voltage profile and the current response of the cell.

(C) The corresponding conductivity profile during one full electrochemical desalination cycle.

the size of the desalination cell, and one must also consider the possible water evap-
oration over time during long-term operation. Such a setup is known as a single-pass
mode of operation, in contrast to the batch mode.'” A peristaltic pump continuously
circulates the electrolyte from the tank to the cell through the conductivity and pH
chambers and directs the electrolyte back to the tank. A nitrogen gas tube is inserted
into the tank to constantly bubble the electrolyte with a small nitrogen gas flow to
remove the air, and particularly the dissolved oxygen, from the water. The latter
measure was taken to minimize carbon oxidation and performance degradation,
since the dissolved oxygen in the electrolyte can take part in parasitic oxygen reduc-
tion reaction and peroxide formation during charge and discharge.'’"'?

As outlined before, two key datasets are commonly recorded in an electrochemical
desalination experiment: (1) electrochemical data provided by the electrochemical
workstation, which can include current-time (I-t), cell voltage-time (V-t), electrode
potential-time (E-t), or energy-time (U-t) data, among others, and (2) the cell’s
effluent electrolyte properties provided by the probes installed at the downstream
side of the cell, which can include conductivity-time, pH-time, or temperature-
time data, among others.
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Figure 1B shows the cell voltage applied during charge and discharge, together with
the current response of the cell. As will be shown later, the electric charge stored in
the carbon electrodes can be calculated by integrating the area under the I-t curve
presented here. In a single-pass mode of operation, the concentration-time profile
of the outflowing water from the cell resembles the scheme shown in Figure 1C. In
the latter mode of operation, there is a quasi-infinite abundance of salt ions present
in the circulating electrolyte, which is more than sufficient for the electrodes to take
up. As a result, after applying a cell voltage for a while, the electrodes saturate with
an overabundance of the present saltions and reach their maximum (equilibrium) ca-
pacities, and the salt concentration of the water flowing out of the cell will finally
reach the level of the water that flew into the cell. Likewise, the stored salt ions in
the electrodes are ejected back to the circulating electrolyte (brine solution) upon
applying the discharge voltage.

The conductivity change is translated into concentration change (see the section
“calibration of conductivity probes”), and the integrated area under the concentra-
tion-time curve measures the capacity of the electrodes to remove salt ions, a merit
called desalination capacity (DC). The electrode’s capacity to remove salt ions can
then be compared with its capacity to store electric charge in the same cycle. A mea-
sure that reports the fraction of the former to the latter is called charge efficiency
(CE). CE is not to be confused with Coulombic efficiency, which states the fraction
of electric charge obtained during discharging to that while charging an electro-
chemical cell, a standard metric reported in battery research.

Finally, the energy consumed during the charging of the electrodes could be reported as
normalized to the number of ions removed. Assuming no other losses, the net consumed
energy in one complete cycle could be envisioned as the sum of the enthalpies of demix-
ing the saline feed water into the desalinated solution produced during charging and the
brine solution produced during discharging.'” The consumed energy for demixing can
be harvested again upon mixing the two latter solutions (the capmix process), giving
rise to the concept of blue energy or osmotic power.”

Calibration of conductivity probes

To calculate standard desalination performance metrics, such as desalination
capacity, one has to convert the obtained conductivity-time data (Figure 1C) into
concentration-time data. As a first step, the conductivity probes should be cali-
brated (or standardized) using several NaCl stock solutions with known concentra-
tions. Figure 2A shows a conductivity probe calibrated with 17 stock solutions of
NaCl in pure water, ranging from 1 mmol L~' to 1,000 mmol L=". For accuracy,
the conductivity probes are best calibrated with stock solutions with concentrations
around the target electrolyte desired to be tested in an electrochemical desalination
experiment. In this study, since the target electrolyte for the subsequent electro-
chemical desalination tests is 20 mmol L~' NaCl, the calibration curve is constructed
for the concentration regime of 1-50 mmol L™" (Figure 2B), resulting in a good co-
efficient of determination (R?) of 0.999 between conductivity and concentration
values. Similarly, if an electrolyte simulating seawater-level concentrations of NaCl
(~600 mmol L") is to be used, a calibration curve between 500 and 1,000 mmol
L' can be constructed (Figure 2C) and used.

Using the concentration-conductivity equation in Figure 2B, the conductivity data
obtained in an electrochemical desalination experiment (Figure 3A) could be con-
verted into concentration data (Figure 3B), enabling further calculations on the desa-
lination capacity and CE.
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Figure 2. Construction of the calibration curves relating the conductivity to the concentration
Calibration curves were constructed to convert the measured conductivity into concentration in
(A) the entire 1-1,000 mmol L' range, (B) a low-concentration regime of 1-50 mmol L™', and (C) a
high-concentration regime of 500-1,000 mmol L™".

Desalination capacity

Figure 3A shows the conductivity variations of a standard single-pass electrochem-
ical desalination experiment during several cycles. In this study, we have used a sym-
metric cell composed of two activated carbon electrodes, charged and discharged
at 1.2 V and 0.3 V, respectively. The experimental procedures section details the
experimental and operational conditions used in the latter test. Figure 3B shows
the typical concentration variations upon cycling of an electrochemical desalination
cell. As illustrated in Figure 1A, the electrolyte solution is constantly bubbled by ni-
trogen gas to remove the dissolved oxygen, accelerating the electrolyte’s evapora-
tion over time. As a result, the concentration slightly increases and, hence, the feed
concentration of ~22 mmol L™" is reached in Figure 3B instead of the initially
made 20 mmol L™". To alleviate electrolyte evaporation, one might pre-wet the
dry nitrogen flow by passing it through a gas-washing water bottle.

For the sake of simplicity, the x axis (time) in Figure 3B could be converted to cycle
number by dividing the time by the cycle duration (a peak-to-peak separation),
which is 7,220 s in the present case, as illustrated in Figure S2. Based on the
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Figure 3. Integration of the area under the curves of concentration-time and current-time profiles
(A and B) Processing steps for converting the (A) raw conductivity-time data into (B) concentration-
time data and the integration of the area under the curve for charging and discharging half-cycles.
(C) The applied cell voltage during charge and discharge and the current response.

(D) The integration of the area under the current-time curve for charging and discharging half-
cycles.

decrease/increase in concentration curve versus time (Figure 3B), induced by
charging/discharging of the cell by the electrochemical workstation, the DC (mgsaie
Jelectrode ) is then calculated following Equation 1:

pC = “Mua / Cdt, (Equation 1)

Mhotal

where v is the flow rate (L s™"), Myaci is the molar mass of NaCl (58.44 g mol™"), Myoral
is the total mass of both electrodes combined (g), and t is the time (s) during which a
concentration change (mmol L") oceurs.

However, one commonly deals with more practical units at laboratory-scale electro-
chemical desalination, namely, mL min~" for flow rate (v) and mg for electrode mass
(Myotar)- Also, the collective term [ C dt, with the unit mmol L', is obtained by inte-
grating the area under each half-cycle in concentration-time curves. In this case,
Equation 1 must be divided by 60 as a conversion factor to give Equation 2:

mg NaCl ¥ (mit\) L (mgo:\j:lg(lil) mmol s
e (gelenrode ) B 60 Meoral(Mg) /C dt( L ), (Equation 2)

which further simplifies into Equation 3:

mg NaCl s (rr:_lr_\) mmol s
oc ( g ) = I /Cdt<—), (Equation 3)
Gelectrode mtotal(mg) L

Substituting in Equation 3 1.6 mL min~" for the flow rate, 270.6 mg for the total mass
of both electrodes (137.1 mg + 133.5 mg), and 1,873 mmol L' s as the average of
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integrated areas under the two charging and discharging half-cycles in concentra-

1,942+1.804
2

tion-time curves ( , will result in DC = 10.8 mg NaCl removal capacity

per gram of electrode, or 10.8 mg g~ in short.

In some cases, mainly where selectivity toward certain cations or anions is involved, '’
total NaCl salt removal capacity (DC) may be less relevant than specific removal ca-
pacities toward certain ions. If those ions are sodium and chloride,”' the DC can be
broken down to sodium removal capacity and chloride removal capacity following
Equations 4 and 5, respectively.

Na* removal capacity:

mg Na*\ oc (M9 NaCl mol NaCl " 1 mol Na* 5 22.99 mg Na*
B 58.44 mg NaCl = 1 mol NaCl 1 mol Na*
(Equation 4)

=0.39DC,

Gelectrode Gelectrode

ClI” removal capacity:

mg Na*\ oc (M9 NaCl 5 mol NaCl " 1 mol CI™ % 35.45mg CI™
- 58.44 mg NaCl = 1 mol NaCl~ 1 mol CI~

(Equation 5)

=0.61DC,

Gelectrode Yelectrode

For the example above, Na* and CI~ removal capacities would then be 4.2 mg g™’
and 6.6 mg g~', respectively. Adjustments must be made if a different salt system is
investigated, such as KCl or NaSO,.

Charge efficiency

After DC, another key metric of an electrochemical desalination system, not always
reported in the literature, is the CE. CE is a unitless value between zero and unity
(commonly given in percent) that gauges the portion of the invested electric charge
that contributes to removing salt ions from the saline stream. The closer the CE to
unity (or to 100%), the less the system suffers from parasitic losses. The latter para-
sitic losses stem from co-ion expulsion phenomena and electrode-electrolyte faradic
side reactions.”” As a result, side processes that do not contribute to the electro-
chemical desalination bottom line, that is, maximum net salt removal, will decrease
the CE value. For a review of different sources of parasitic losses, readers are referred
to other studies.'#%%**

The CE (%) can be formulated as Equation 6:
DC
CE (%) = Muac 100, (Equation 6)

F

where F is the Faraday constant and Q is the average of total charge stored in the
two electrodes normalized to the total mass of both electrodes combined. In
Equation 6, the nominator expresses the population of salt ions taken up by the
electrode, and the denominator expresses the population of invested electric
charge. A critical point that needs to be stressed here is that the charge
substituted in the CE formula should be obtained from the same cycle and the
duration from which the DC was obtained. As such, the charge capacity/capaci-
tance of the electrodes obtained via any other techniques performed prior to desa-

lination experiments, such as cyclic voltammetry or charge/discharge, will be irrel-
evant to use here.
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For practical reasons, the term Q in Equation 6 can be defined as Q = ;g;, where g is
obtained by integrating the area under each half-cycle in current-time curves or readily
obtained by the electrochemical workstation software (EC-Lab in this work). More discus-
sion on the significance of employing either of the latter methods for calculating charge
will follow later in this article (see the section “leakage current subtraction”). One might
find the following units convenient to use at the laboratory-scale tests: 96,485 C mol™’
for the Faraday constant (F), mg for electrodes mass (M), MA s for charge (Q), and
58.44 g mol™" for the molar mass of NaCl (My,c)). In that case, Equation 6 must be
divided by 1,000 as a conversion factor to turn into Equation 7:

W) X 96,485 (%) X Mioral (MQ)

g NaCl
1,000 X q (mA s) X 58.44 (—mol o

DC (
CE (%) = electrode X100,  (Equation 7)

which simplifies into Equation 8:

mg NaCl
il ) X Miotal (M)
Gelectrode

q(mAs)

165.10 DC(
CE (%) =

i (Equation 8)

Substituting in Equation 8 10.8 mg g~ for DC, 270.6 mg for the total mass of both
electrodes (137.1 mg + 133.5 mg), and 5,646 mA s as the average of integrated

areas under the two charging and discharging half-cycles in I-t curves (23?3—6—0)

will result in CE = 85%.

In an ideal case, the DC or CE obtained in the charging half-cycle (desalination)
should be equal to that in the discharging half-cycle (regeneration). Because of
non-idealities and parasitic losses, such as leakage current (which will be dealt
with later in this work), non-equal, but often close, values of DC or CE are obtained
for the two half-cycles. In such a case, one might choose to average the two values,
as done above. Without averaging, the DC and CE for the charging half-cycle would
be 11.2mg g~ and 84%, respectively, and the DC and CE for the discharging half-
cycle would be 10.4 mg g~ and 87%, respectively.

As seen, the values calculated herein differ well below 10% between charging and dis-
charging half-cycles. If those two values differ largely, that is, >10%, one might need to
check whether the baseline selection for integration of the area under the curves was
precise. A simple method to get better baselines is to prolong the holding times for
charging and discharging half-cycles (for relevant considerations, see also the section
“leakage current subtraction”), which allows the concentration of the cell’s effluent water
to reach equilibrium. Moreover, one might also entertain the possible presence of detri-
mental faradic processes present significantly more in one half-cycle and absent in the
other half-cycle. The latter phenomenon is often the case during the charging half-cycle,
mainly when the cell is not carefully mass-balanced, and the electric potentials devel-
oped in one or both electrodes exceed their stability windows.

Energy consumption

The energy consumed to accomplish the desalination is a key metric for comparing
an electrochemical desalination system to other adjacent technologies. Also, within
the realm of electrochemical desalination, the energy consumption analysis pro-
vides vital insight when comparing different system components, such as electrode
materials, cell configurations, or electrolyte concentrations, as to which combination
yields the most energy-efficient results. Such energy consumption analysis, for
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instance, can reveal that while carbon electrodes show an increased energy con-
sumption going toward higher electrolyte concentrations, faradic materials such
as 2D transition metal sulfides or MXenes show a rather constant energy consump-
tion across wide concentration ranges.' '

Two approaches could be taken for energy consumption analysis: macroscopic and
microscopic. The macroscopic approach involves the Wh energy required for producing
x liters of freshwater, commonly reported in the unit Wh L~". The salt content of fresh-
water is variously defined as less than 500 ppm?® (<9 mmol L= NaCl) or less than
1,000 ppm?’ (<17 mmol L~" NaCl). The macroscopic approach is more common in
reverse osmosis technology, although its application for electrochemical desalination
systems must be cautiously employed. In the case of reverse osmosis filtration, more
than 99% of the salt content in the feedwater is removed from the product water.”® In
contrast, in electrochemical desalination at the laboratory scale, only a few percent of
the salt content is removed in each charging half-cycle in a single-pass mode of opera-
tion.”” As such, calculating energy consumption for complete salt removal via an electro-
chemical desalination system might require extrapolation calculations which assume
that the system consumes the same energy rate all the way down to a very-low-salt-con-
tent electrolyte. However, the latter assumption could be erroneous, as electrolytes of
lower concentrations would show a higher solution resistance, resulting in more energy
consumed as the concentration decreases.

The microscopic approach, however, eliminates the need for extrapolations or unre-
liable assumptions. The latter approach involves the energy consumed to remove
one salt formula unit in a single electrochemical desalination cycle, which will also
be dealt with herein. As outlined before, the energy consumed during the charging
(Ucharge) of the electrodes are often considered the basis for energy calculations,
even though part of that energy could be potentially recovered during the discharg-
ing of the electrodes.” " Equation 9 can then be formulated to calculate the energy
invested to remove a single salt molecule from the saline stream.

Ucharge

Energy consumption perion = ’%%’ (Equation 9)

MNaCI

where the nominator in Equation 9 provides the consumed energy normalized to the
mass of both electrodes combined (Wh g‘1), and the denominator gives the moles of
salt ions removed normalized to the mass of both electrodes combined (mmol g_1).

The practical energy unit that one commonly deals with at laboratory-scale electro-
chemical desalination tests is Wh for energy consumed, while the desirable
energy unit to report the energy values in molecular-scale systems is the product
of the Boltzmann constant and temperature (kgT). Given that For T = 298 K, 1
Wh is equal to 8.75 x 10 kgT, the substitution of the Avogadro number yields

Equation 10:
Ucharge (Wh) Ucharge (Wh) s 1,000mg _ 8.75x 10% kg T
Energy consumption per ion (kB_T) = MMiotal (r:]ng) = Mo (Mg) 19 = 1% )
ion bC ( _9) DC (_9)
g 9
9 1,000 m 1 mol
Musa (== 9\ xl 9
vt () 5844 (-2) x 23 g 602214076 x 108

(Equation 10)
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which, upon further simplification, yields Equation 11:

kBT) 849 X107 Ugrarge (Wh) (Equation 1)

Energy consumption per ion (——— =
B Mhotal (mg) xDC (?)

Referring to the electrochemical workstation software, the Ucharge for the cycle stud-
ied above (Figure 3B)is 2.08 x 103 Wh. Substituting the latter value in Equation 11,
along with 10.8 mg g™ for DC and 270.6 mg for the total mass of both electrodes,
will result in 60.4 kg T per single salt molecule (NaCl) removed.

lon selectivity

There has been an ever-growing interest in the electrochemical desalination
research toward selective separation and recovery of ions from aqueous media,
either to remove toxic/undesired species from water streams or to capture valuable
elements.””" Table 1 lists several works that have reported the selective electro-
chemical removal of certain ionic species from aqueous media in the presence of
other competing ions in a cyclic manner. Lithium, nickel, cobalt, and manganese,
for instance, are among the value-added elements that can be recovered from the
leaching solution of spent lithium-ion batteries,”*** contributing toward a circular
economy. The target ionic species in Table 1 are highlighted in a periodic system
of elements with their significance and critical applications, as illustrated in Figure 4.
As can be seen, the electrochemical desalination world is no longer limited to mere
sodium chloride removal. Still, it has expanded in scope for selective removal of cat-
ions or anions of various types.

To calculate the performance metrics of an electrochemical desalination system, one
has to determine the change in the concentrations of ionic species flowing out of the
cell. However, when there is more than one salt species involved, the concentration
cannot be related to the conductivity of the effluent water stream, as the measured
conductivity is a product of the contribution of multiple ionic species (Figure 5A).
Developing methods to quantify the individual ion concentration in a mixed-salt
electrolyte is crucial in studying the system’s selectivity. Inductively coupled plasma
optical emission spectroscopy (ICP-OES), for instance, is a powerful and accurate
tool that can individually quantify many ionic species simultaneously.

Techniques such as ICP-OES,”" inductively coupled plasma mass spectrometry,’” or
ion chromatography”’***’* are methods to monitor individual ionic species. Alterna-
tives include the EDTA titration of mixtures of Ca?* and Mg?* ions,”* or the colori-
metric method for determining Pb?* ions in the presence of alkali metal and alkaline
earth metal ions.”” The latter process required the treatment of lead ions with sulfide
ions to convert the colorless lead ions into adsorptive lead sulfide, followed by
UV-visible-near-infrared (UV-vis-NIR) spectrophotometry.

lon-selective electrodes have been used when dual-salt electrolytes are involved. An
example of the latter is surfactant-functionalized activated carbon electrodes devel-
oped to demonstrate a high affinity for NO3~ compared to Cl~ ions.”? Combined use
of ion-selective electrodes and conductivity/pH measurements have also been
shown for mixtures of Na* and Ca®* ions”*’* using the extended Onsager-Fuoss
model.”’ The latter theoretical foundation helps to predict the complex conductivity
changes that occur with concentration changes. This theoretical guidance provides
calibration methods that consider the impact of ionic association on conductivity as-
sessments, ensuring that accuracy and precision are maintained over a wide range of
concentrations.”®
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Table 1. Overview of electrochemical desalination research on selective recovery of ions from aqueous media

Target element

Competing ions

Electrode material

References

U
Li*

Li*
Li*
Na*

Cs*

CaZ+
SP*

Cu2+
Fe3*
Ni2*

C°2+
Mn2*

Zn2¢
Pb?*

Pb2+

cd?

V5* (as VO*7)
Cr®* (as Cry0,%)

As®* (as AsO4>")
S ca.

Sm34

La3*
La%*, ND¥*, Ce3*

U%* (as UO,2%)

Na*, K’, M924
Na*, K*, Mg?*, Ca®*

Na*, K*, Mgz'

C°2+

Mg?*, Ca?*

Na*, S***

Na*, K*, Mg?*, Ca2*

CIF
CI~, NO3~, SO~

CI, SO4%
(ol

SO42~

Cly

ClI-

5042_

CI~, NO5~

Na*, Mg?*, Ca?*

Li*, Ni%*

M92+' Ca2+

Co?*, NiZ*
S042~, PO, Si052~
Cl7, ClOs=

(ol

Na*, K*, Mg?*, Ca?*,
Zn2+, A|3+, Fe3+

Ag*, Cd?*, Co?*, Mn?",
AP CrY Fe™t. ™,
Pb2+' ng‘, Ni2+’ an‘,
NH4*, Na*, K*, Mg?*, Ca?*
Nat/cast

seawater (majorly Na*, K*, Mg?*, Ca*)

LiFePO4
A-MnO,

flow electrodes of (Fe[CNJ]¢*~/Fe[CN]>")
redox pair + LISICON membrane

activated carbon fiber + MXene-based ion-
sieving membrane

nickel hexacyanoferrate (NiIHCF Prussian blue
analog)

copper hexacyanoferrate (CuHCF Prussian
blue analog)

nickel hexacyanoferrate (NiIHCF Prussian blue
analog)
activated carbon cloth

layered double hydroxide-reduced graphene
oxide composite

hierarchical carbon aerogel monoliths

amine functionalized activated carbon

Bi

activated carbon + ion-exchange membranes
flow electrodes of activated carbon

activated carbon + monovalent anion selective
membrane

graphene oxide-hydroxyapatite composite
H,SO4-treated activated carbon cloths

aryl diazonium salt-modified porous carbon
flow electrodes of activated carbon
graphene nanoflakes

conductive graphite adhesive-activated
ion-exchange resin composite

electrodialysis with polymeric ion-exchange
membranes

flow electrodes of dilute H,SO, with polymeric
ion-exchange membranes

activated carbon cloth

thiol-functionalized graphene oxide-activated
carbon composite

FeOOH
flow electrodes of 3-MnO,
resin-activated carbon composite

poly(vinyl)ferrocene-carbon nanotubes
composite

poly(vinyl)ferrocene-carbon nanotubes
composite

electrodialysis with polymeric ion-exchange
membranes

B42S nanoflakes

P-doped carbon

sodium diphenylamine sulfonate-modified
activated carbon

BP nanosheets

Trécoli et al.,***° Pasta et al.**

37-39
et

Lee etal.,’ Trécoli et a

Kim etal.”’ "
Wang et al.”

Jiang et al.””

141

Singh eta
Lee et al.*?
Tsai etal.*”®

Xing et al.**

Hong et al.*®

Hawks et al."®

Zuo et al.”’
Chang et al.**
Lietal.*?

Liu et al.*”
Pan etal.”’
Park et al.*”
Uwayid et al.™
Xiang et al.”
Zhang et al.”*
Lietal.”
Wang et a

|57

Siekierka and Yalcinkaya™®
Soysiiren et al.””

Tang et al.”’
Huang et al.*’

Wang et al.*
Peng et al.”
Bao et al.**

Suetal.®”

Suetal.””
Lietal.®®
Xiang et al.””

Xiong et al.*®

Wang et al.”

Chen and Tong”®

The selection of measurement techniques should align with experimental goals to
ensure accurate and relevant results in electrochemical desalination investigations.
In this work, we have used online ICP-OES monitoring to showcase a selectivity mea-
surement and its relevant considerations and relationships. As outlined previously,
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Figure 4. All elements targeted so far for electrochemical recovery from water
Periodic table showing elements targeted in electrochemical desalination (capacitive deionization, battery desalination) for selective recovery from
aqueous media in a cyclic manner.

an electrochemical desalination cell with symmetric carbon electrodes was charged
and discharged. The electrolyte in this case consisted of CaCl,, KCl, and NaCl, each
with 10 mmol L™, instead of the previously examined single-salt NaCl electrolyte.

To enhance the signal-to-noise ratio, one can increase the electrode mass and,
if possible, a lower flow rate. The latter measures increase the amplitude of
concentration change in each cycle, thereby maximizing the signal-to-noise ratio.
A side-by-side comparison of raw ICP-OES data for two cells with carbon electrodes
of significantly different masses is included in Figure S3. A noisy raw ICP-OES dataset
will translate into less accurate concentration profiles (Figure S4), rendering further
integrations and calculations inaccurate.

Further processing of raw ICP-OES data will result in Figures 5B-5D, individually
showing the concentration-change profiles of calcium, potassium, and sodium
ions. The process to convert raw ICP-OES data into the concentration of ions
includes the calibration of the ICP-OES instrument with a set of samples with known
concentrations (Figure S5) in the same manner shown previously to convert conduc-
tivity data into the concentration of a single-salt electrolyte (Figure 2).

The procedure to calculate the DC will be similar to what has been carried out to
calculate the DC of a single-salt system (Figure 3B). For instance, to calculate the
desalination capacity of the system for calcium ions (DCc,?*) using Equation 1,
one has to substitute the molar mass of calcium ions (40.08 g mol™") instead of
the previously used molar mass of NaCl. Also, since the Ca®* ions are attracted to
the negative electrodes, the myy, in Equation 1 has to be replaced by the mass of
only the negative electrode. Substitution of the latter values, the average of inte-
grated areas under the two charging and discharging half-cycles in concentration-
time curves, and the flow rate gives DC¢,2* = 7.4 mg g~". Similarly, the desalination
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Figure 5. Online elemental monitoring of the effluent of an electrochemical cell

(A) Conductivity variations as a result of cycling a carbon/carbon electrochemical cell containing
506 mg of carbon cloth as negative electrode and 501 mg of carbon cloth as positive electrode in a
mixed aqueous electrolyte containing CaCl,, KCl, and NaCl, and the corresponding change in the
concentration of (B) calcium, (C) potassium, and (D) sodium ions measured online by ICP-OES.

capacity for potassium ions (DCx*) and desalination capacity for sodium ions (DCn, ")
can be calculated by substitution of the respective molar masses and integration
areas to resultin DCx* = 0.9 mg g~' and DCyn,* =0.3mg g™,

Figures 5C and 5D show that for K* and Na* ions, after an initial dip in concentration
induced by charging the electrochemical cell, a slight increase occurs in concentra-
tion. Thisis unlike the case for Ca?* ionsin Figure 5B, where the concentration profile
is dipped and gradually reaches its past level to the feed concentration. This effect
has been observed before in the electrochemical desalination of multicomponent
electrolytes via activated carbon electrodes, where the monovalent ions are prefer-
entially adsorbed initially but are gradually replaced by divalent ions.”” The latter
intricate information on such time-dependent ion dynamics is provided exclusively
by online monitoring with ICP-OES, as offline manual sampling techniques can
hardly reveal such behaviors.”” For the calculation of DCx* and DCy,* in
Figures 5C and 5D, during the charging half-cycle the integrated areas above and
under the concentration profiles were subtracted from each other to result in a net
removal capacity during the charging half-cycle.

The merit of a system for the preferential removal of a particular element against
another elements could be formulated as Equation 127°:

_ (DCA) [ Cgeed :
Bas = (DCB) (CA.feed)’ (Equation 12)

where B, /g is a unitless separation factor for element A with respect to element B,
DCa (mg g~ ") is the desalination capacity of A ions, DCg (mg g~ ") is the desalination
capacity of Bions, and Ca feed (Mg L") and Cg feeq (mg L") are the concentration of A
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and B ions, respectively, at the beginning of the process (that is, their concentrations
in feedwater). One must note the use of consistent units in Equation 12 for concen-
trations and desalination capacities, which were, in this case, mg L' and mg g",
respectively. Alternatively, one could use mmol L~ for concentrations, which then

mandates the use of mmol g~' for desalination capacities.

According to the latter definition, a system that removes both A and B ions indiscrim-
inately, that is, non-selective, will have a separation factor of 855 = 1. Any value of
Ba/s greater than unity indicates a favorable removal capacity toward A compared to
B. In the example above, to calculate the separation factor for Ca?* ions with respect
to Na* ions (ISCaZ‘/Na‘)' the following values have to be substituted in Equation 12:
DCc.?*=7.4mgg™',DCna* =0.3mg g™, Cca?* feea =400 mg L', and Cna* feed =
230 mg L™, which results in Bca?t jnae = 14. Alternatively, one could use the following
units to reach the same result: DCc,2* = 0.185 mmol g~', DCy,* = 0.013 mmol g7,
Cca?* foed = 10mmol L™, and Cna? feed = 10 mmol L7

In a similar fashion, the separation factor for Ca®* ions with respect to K* ions
(Beaz ) will be calculated as 8. This means that the water flowing out of the cell
during charging will be calcium deficient, which is relevant for water-softening
applications. Similarly, the water flowing out of the cell during discharging will be
calcium-rich while being sodium- and potassium-deficient. The volume of the latter
flow, the calcium-rich brine, could be minimized by shortening the discharge time for
more efficient water softening.

In certain studies, the above process is carried out in a batch mode. In the latter case,
the feedwater is introduced into a usually larger cell (also called an electrochemical
reactor”'). After applying the charging voltage and selective uptake of the desired
ions from the solution into the electrodes, the solution is exchanged with a fresh so-
lution of lower volume (and of higher purity than feedwater). The discharging is then
accomplished in the latter solution, and the ions previously immobilized in the elec-
trodes are released, yielding an enriched solution of the desired ions called the re-
covery solution. The recovery solution is again exchanged with a fresh feedwater
batch, regenerating the cell for a new cycle.

The batch-mode process, though interrupted, eliminates the need for online moni-
toring of elements, since one only needs to manually collect samples for elemental
analysis at certain stages of the process, which are the feedwater and the recovery
solutions.” In such a case, the separation factor expression can be reformulated

as Equation 13:
Chfeed — CAﬁnaI) (CBleed) ;
- , Equation 13

Bare (CB.leed — Caifinat/ \Cafeed equstion 12)

where Ca feed and Ca final refer to the concentrations of A ions in the feedwater and
the recovery solutions, respectively; and Cgeed and Cginal refer to the concentra-
tions of B ions in the feedwater and the recovery solutions, respectively.”’

Parameters affecting accuracy and meaningfulness of desalination
performance metrics

Leakage current is one of the leading parasitic losses in the operation of electro-
chemical desalination cells, leading to energy loss.”” We consider here the charging
mechanism of a capacitor as an analogy to that of an electrochemical desalination
cell. When a capacitor is being charged by applying a voltage to its terminals,
once the electrodes are fully charged the current passing through the terminals
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A Figure 6. Leakage current during cycling of an

electrochemical desalination cell

Schematic illustrations of (A) current response
of an electrochemical desalination cell during
charging and discharging half-cycles and the
concomitant leakage current, and

(B) calculation of leakage charge.
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decays to zero. In an electrochemical desalination cell, the latter indicates that the
electrodes are fully charged, that the maximum population of salt ions is drawn
into the electrode, and that the electrode capacity is fully realized. The rate at which
the current decays depends on the time constant (1) of the capacitor known from
classic resistor-capacitor circuits. The latter states that the “natural” current
response of a capacitor follows an exponential function of time (/7). For instance,
the current falls to 37% of its initial value once a period equal to one time constant
(17) has elapsed since the start of the application of potential bias to its terminals.”
Likewise, the current should fall to less than 1% of its initial value after a lapse of a
period equal to the five times the constant (57).

In practice, however, the I-t curve of an electrochemical desalination cell typically ap-
proaches a non-zero value, known as the leakage current, as schematically shown in
Figure 6. In this case, an electrochemical desalination cell can be modeled as an
ideal capacitor (or other charge sources such as a battery) paralleled to a leakage
resistance element.”* When a voltage is applied to the cell, a relatively small
(leakage) current constantly passes through the cell in the background. One
approach to calculating the leakage resistance is to perform impedance spectros-
copy measurements. Another approach, which takes less effort, is to prolong the
voltage holding time so that the current contribution from the capacitor decays to
zero. As a result, the remaining current could be approximated as the leakage cur-
rent, as shown in Figure 6B.

The origin of the leakage current (I .4 is partly due to the slightly conductive saline
electrolyte (in contrast to an insulating dielectric in a capacitor), where the sodium
and chloride ions constantly carry (leak) a small fraction of electronic charge across
the separator from electrode/current collector on one side to those on the other
side upon the polarization of the cell. Another possible origin of the leakage current
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could be water splitting, mainly when a cell voltage near 1.2 V is applied and held.
More information on other possible sources of leakage current may be found else-
where.””%® As illustrated in Figure 6A, the leakage current is larger during charging
than in discharging, since the leakage current is mainly a voltage-dependent phe-
nomenon.”” As outlined above, one has to prolong the voltage holding time long
enough to obtain the leakage current. Integration of the marked rectangular area un-
der the I-t curve (Figure 6B) then gives the charge leaked between the electrodes/
current collectors via the electrolyte, also known as the leakage charge (qreak)-

The leakage charge mentioned above should then be subtracted from the charge
stored in the electrodes (obtained by the displacement current passing through
the external circuit). Leakage charge considerations do not affect DC values. Howev-
er, failure to consider the leakage charge in the calculations will result in inaccurate
CE values, which follow further.

Zooming in on the I-t profiles shown before (Figure 3D) reveals that the leakage
current during the discharging half-cycle is insignificant and very close to zero. How-
ever, as expected, the leakage current is indeed significant during the charging half-
cycle (Figure S6A), and its contribution to the overall charge invested by the power
supply needs to be considered. Figure S6B shows how the leakage current is quan-
tified and how the leakage charge can subsequently be obtained by multiplication of
the latter to the duration of the cycle in the study, as indicated by the shaded area.
Although the [l eak of 0.241 mA may seem small, over time it yields a significant
charge of greak = 579 mA s relative to the total charge of 5,932 mA s. Subtraction
of the latter by the former gives a net charge of 5,353 mA s for the charging half-cy-
cle, which is very close to that for the discharging half-cycle in Figure 3D (5,360 mAss).
Averaging the latter two values (5,357 mA s) and substituting them in the CE formula
gives a CE of 90%, a 5% increase from previously calculated without consideration of
leakage charge.

To shed further light on the complications that might arise from failure to consider
leakage charge subtraction, we base the DC and CE calculations this time on a
different cycle duration, 60 min instead of 40 min. A glance at concentration-time
profiles in Figures 3A and 3B reveals that the electrodes seemingly saturate after
40 min voltage holding time and reach their equilibrium. Calculations based on a
60-min time window for each half-cycle (Figure S7) yield an average CE of 83%
and a DC of 10.8 mg g~'. Leakage charge corrections, however, will result in the
same CE of 90%, previously obtained for a 40-min half-cycle duration. As can be
seen, leakage current considerations ensure accurate CE calculations regardless of
the duration of the voltage holding step. Otherwise, the more extended voltage
holding times will result in lower and lower calculated CE values.

The example above highlights the significance of leakage current considerations,
although care must be taken to report it in the proper context. Leakage current is
a highly system-dependent value, which depends on cell configuration, electrolyte
concentration, and presence or absence of ion-exchange membranes, among
others. As such, subtraction of leakage charge would help obtain more precise CE
values, which in turn more accurately captures the mechanisms involved, such as
the presence of co-ion-expulsion phenomenon or other faradic side reactions
(decreasing the CE) or the absence of such phenomena (increasing the CE).
Although leakage current considerations are educational within a research context,
in a commercial setting where performance benchmarking of an electrochemical cell
is being discussed or advertised, one must avoid subtracting the leakage charge.
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Figure 7. Effect of electrolyte concentration and cell configuration on the magnitude of leakage
current

Current-time profile for one full cycle of electrochemical desalination cells in electrolytes made of
20 mmol L~" and 600 mmol L~' NaCl solutions (A) without any ion-exchange membranes and

(B) with anion- and cation-exchange membranes.

Reporting leakage charge-subtracted performance metrics in the latter case might
lead to mischaracterization of the actual efficiency of the system.

To investigate the system dependency of leakage current, we have also examined
the effect of electrolyte concentration and the presence of ion-exchange mem-
branes in electrochemical desalination cells. Figure 7A shows the specific leakage
current magnitude (that is, leakage current normalized to the mass of both carbon
electrodes) of a single cell when cycled between 0.3 V and 1.2 V in 20 mmol L™’
and 600 mmol L™ aqueous NaCl solutions. Swapping the electrolyte tank from a
lower concentration to a higher concentration significantly increases the leakage
current during the charging half-cycle. The latter observation is in line with the hy-
pothesis outlined previously, which stated that one source of leakage current could
be arising from the conductivity of the saline electrolyte. In 600 mmol L~' aqueous
NaCl electrolyte, there will be more leakage of electronic charge from one electrode
across the spacer channel to the other electrode.

In a fresh cell (Figure 7B), we introduced polymeric anion- and cation-exchange
membranes before positive and negative carbon electrodes. It is seen again that
the leakage current magnitudes scale with the concentration level. However, intro-
ducing such membranes has resulted in lower magnitudes of specific leakage cur-
rents than the membrane-less cell. Even though a barrier such as a membrane could
constitute an extra resistive element in the cell, the membranes, which are electri-
cally insulating, probably hinder the passage of electronic charges, resulting in a
net diminishing effect on leakage current magnitude. In all cases, the leakage cur-
rent magnitude during the discharging half-cycle has been shown to be negligible.

Next, we investigate the aging of conductivity probes and test whether it signifi-
cantly changes the reported desalination metrics. Figure 8A shows two concentra-
tion-conductivity calibration curves performed on the same conductivity probe
with an interval of 6 months. As understood by the slope change of the latter two
curves, the sensitivity of the conductivity probes decreases over time, meaning
that lower conductivity values are obtained for the same concentration as the probe
ages. This slope change can affect the amplitude of concentration change when
applied to an electrochemical desalination dataset. To test this, the linear equations
of the fitted calibration curves are applied to the conductivity data shown in
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Figure 8. Effect of aging of the conductivity probes

(A) Calibration curves of the same conductivity probe, performed two times with a 6-month interval
in between.

(B) The obtained concentration profiles of an electrochemical cell obtained from the latter two
calibration equations.

Figure 2A to construct the concentration data presented in Figure 8B. As observed,
two concentration profiles are obtained, which, although they follow the same trend,
differ mainly in terms of both baseline concentration values (22 mmol L™ vs.
28 mmol L") and the amplitude of concentration change.

Performing the same calculations explained previously (Figure 3), DC and CE
values of 13.8 mg g~' and 115% (after leakage charge subtraction) are obtained,
respectively. The latter values vary primarily with the desalination metrics previ-
ously calculated, that is, an overestimation of DC by 3.0 mg g~' and CE by
25%. This pinpoints the importance of regular calibration of the conductivity
probes before desalination experiments to avoid such inaccuracies. Assuming a
monotonous loss of sensitivity for the conductivity probes tested herein within a
é-month interval, the inaccuracy could be approximated as 0.5 mg g~ ' per month
for DC and around 4% per month for CE. As such, a calibration frequency of at
least once per month is recommended to ensure the conductivity probes are fresh
enough for reliable calculations.

More calibration curves for low and high-concentration regimes for two different
conductivity probes with a é-month interval may be found in Figure S8. Either of
the two approaches may lead to inaccurate calculations: treating the old conductiv-
ity data with the equations obtained from a newly calibrated conductivity probe or
treating the newly generated conductivity data with the equations obtained from
an old formerly calibrated conductivity probe.

Relationships between pH, temperature, and conductivity

By definition, the conductivity of a sclution k (S m™") measures its ability to conduct
electricity. The said conductivity of the solution arises from the sum of conductivity
contributions of all individual ions present in the solution. As such, one needs to
consider the conductivity contributions of pure water and dissolved salt.

The molar conductivity A, (S mZmol~ ") of an electrolyte solution can be defined”’ as
its measured conductivity « (S m~") divided by its molar concentration C (mol m~3)
following Equation 14:

(Equation 14)
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In the case of an electrolyte with infinitely dilute concentrations of ions, Kohlrausch’s
law of independent ionic migration” can be applied to break down the molar con-
ductivity into its contributions coming from each ion, as expressed in Equation 15:

A, = v, (Equation 15)

where A, is the molar conductivity at infinite dilution, also known as limiting molar
conductivity. A; is the limiting molar ionic conductivity of ion i, and »; is the number of
ions i in the formula unit of the electrolyte.

What causes ions to conduct an electric current is their ability to move in a solution,
that is, their mobility. As such, the molar ionic conductivity of an ion () is a direct
function of its electrical mobility (u,) following Equation 16:

Ai = Fz;;zq,, (Equation 16)

where Fis the Faraday constant, and z; is the ionic charge (unitless) for the ion i. Re-
placing Equation 16 in Equation 15 gives us Equation 17:

A:,, = FZII,-Z,-;I.q', (Equation 17)

For a simple A:B electrolyte with monovalent ions, Equation 17 for this electrolyte
can be written for A* and B~ ions as Equation 18:

Am = F(pop +igg-)s (Equation 18)

From the Einstein relation (the kinetic theory), we know that the mobility of a particle
can be related to its diffusion coefficient via Equation 19:

D = uksT, (Equation 19)

where D is the diffusion coefficient, u is the mobility defined as the ratio of the
particle’s drift velocity to an applied force, kg is the Boltzmann constant, and T is
the absolute temperature. In the particular case of a particle with electrical charge
g, the electrical mobility term , can be related to the generalized mobility x in
Einstein's relation as Equation 20:

=, (Equation 20)
q
where u, is defined as the ratio of the particle’s drift velocity per unit electric

field.

Combining Equation 19 and Equation 20 gives the Einstein-Smoluchowski equation
for the diffusion of charged particles,”” also known as the electrical mobility equa-
tion, as expressed in Equation 21:

_ HqkeT

D g (Equation 21)

Solving Equation 21 for u4 gives Equation 22:

_ Dq ;
Hq = kB_T’ (Equation 22)

The Nernst-Einstein’ equation can then be written for the AB electrolyte by substi-
tution of Equation 22 in Equation 18 to result in Equation 23:

_ (Da*qar  Ds-qgs- .
A,,,-F( T + &T )’ (Equation 23)
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Given that A" and B~ ions are monovalent ions, ga+ and gg- will be equal to one
elementary charge. Equation 23, thus, upon further simplifications and substitution
of eNa for F, becomes Equation 24:

Fe 2Ny ;
Ap = m(DA+ +Dg-) = T (Da+ + Dg-), (Equation 24)
Replacing Equation 14 in Equation 24 gives Equation 25:
2
K= ek—’\;A(CNDA« + CeDe), (Equation 25)
B

where Cp+ and Cg- are molar concentrations of A* and B ions, respectively.

In the case of hypothetically pure water with absolutely no contaminants, the weak
self-ionization of water molecules into protons and hydroxide ions can be formu-
lated as Equation 26:

H,O=H"+OH"

K, = [H][OH7] = 10" at 25°C (Equation 26)

where K, is the equilibrium constant for the self-ionization of water. Given that H*
and OH™ ions will be responsible for the electrical conductivity of the electrolyte
(water), Equation 25 can be written for them as in the form of Equation 27:

eZNA

K= 7 ([H*]Dy+ + [OH]Dow-), (Equation 27)

where [H*] and [OH™] in Equation 27 can be related to the pH as Equation 28:

—14 —14
[H*] = 10-P4, and [OH-] = 10"~ _ 19

T =70 TopH=14, (Equation 28)

Substitution of the relationships in Equation 28 in Equation 27 then gives
Equation 29:

_eZNA
T keT

Equation 29 then provides the relationship between the conductivity, temperature,
and water pH.

K (10-PHDye + 10P* =Dy ), (Equation 29)

As expressed by Equation 29, temperature and pH are the only variables influencing
the conductivity of ideally pure water. Assuming a constant temperature of 25°C
(298 K), the conductivity can then be plotted as a function of pH after substituting
all physicochemical constants, as illustrated by Figure S9A. The V-shaped curve
shows a weak pH dependency of water conductivity around near-neutral pH re-
gimes. Approaching either of the acidic or basic extreme ends of the pH spectrum
results in infinitely large conductivities (Figure S9). At pH 7, a theoretical conductivity
of 0.0549 uS cm~" is obtained for ideally pure water free of contaminants, which is
very close to the experimentally measured conductivity of ultrapure deionized water
reported elsewhere (<0.0555 puS em™ ).

The derivation of all the above expressions was based on the assumption that the H*
and OH™ ions are in dilute concentrations. Therefore, far deviations from the
near-neutral regimes to either side of the pH range will negate the latter assumption
for one of the ionic species and renders the calculations inaccurate. As such, a
zoomed-in view of the near-neutral pH regimes (Figures S9B and S9C) would better
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satisfy the starting assumptions regarding the dilute concentrations of both H* and
OH~ ions. As observed, within the pH range of 5-9, the conductivity is negligibly
affected by the pH of the water, with a conductivity change of <0.005 mS cm™" in
that pH window. Hence, while working within the pH window of 5-9, one could safely
disregard the contribution of pH and be sure that the measured conductivity arises
only from the presence of salt ions.

In contrast to pH, temperature variation has a much more complex effect on conduc-
tivity. Temperature variations change the self-ionization (K,,) of water, as expressed
in Equation 26, and shifts the pH values as a result. Consequently, the expression
pH + pOH = 14 will no longer hold. Temperature also affects the diffusion coeffi-
cients of H* and OH™ ions in water, further making it less straightforward to plot a
theoretical dependence of conductivity on temperature using Equation 25. As
such, we measure the temperature dependency of conductivity experimentally in
a wide temperature range of 15°C-55°C, as shown in Figure 9.

As expected, a steady increase in conductivity is observed upon increasing the tem-
perature. Elevated temperatures increase the K, in Equation 26, resulting in more
populations of protons and hydroxide ions and thereby increasing the conductivity.
The two different conductivity probes show very similar slopes in conductivity-tem-
perature graphs. Going from 15°C to 55°C, we see that the gain in conductivity in
the case of a low-concentration NaCl electrolyte (10 mmol L™") is 10%-11%, whereas
it is 6%—-7% in the case of the high-concentration NaCl electrolyte (600 mmol e
The slightly higher conductivity gain in the case of low-concentration electrolyte
indicates the conductivity contribution coming from the water as a result of temper-
ature change, which becomes only significant when dealing with low-concentration
electrodes (<10 mM NaCl) and upon huge temperature variations such as 40°C. In
the case of higher concentrations and slight temperature variations, it can be
concluded that the temperature will not significantly influence conductivity and,
hence, the concentration obtained.

In summary, the present work has illustrated in a step-by-step manner how a simple
electrochemical desalination system is built and operated at the laboratory scale. At
the heart of an electrochemical desalination setup, a cell houses a pair of electrodes
that cyclically accomplish desalination when being charged and discharged. A con-
ductivity meter monitors the conductivity change downstream of the cell. Once the
conductivity meter is freshly calibrated with an array of stock solutions with known
concentrations, it can reliably convert the measured conductivity of the cell’s effluent
water into the salt concentration, from which desalination capacity can be calcu-
lated. From the desalination capacity, the CE (and energy consumption) can also
be calculated knowing the electronic charge data provided by the electrochemical
workstation that applied voltage to the cell. The equations to calculate the said
desalination metrics are also presented, which could be minimally modified for
systems other than NaCl, such as LiCl.

We have emphasized that the conductivity meter has to be calibrated correctly and
on time and have showcased how basing the calculations on 6-month-old calibration
data could result in a significant deviation from actual performance metrics, specif-
ically, 25%-30% relative error in final DC and CE values reported. We have addition-
ally shown the significance of leakage current, how it is calculated, and how it could
affect the CE values. We finally illustrated the relatively minimal effects of pH and
temperature on the measured conductivities. The checklists provided in Notes S1
and S2 are developed to help the researchers have a quick overview of what is
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Figure 9. Wide variation of temperature and its effect on conductivity

Experimental temperature dependency of the conductivity of two conductivity probes from 15°C to
55°C in (A) low NaCl concentration electrolyte and (B) its normalized gain in conductivity, and

(C) high NaCl concentration electrolyte and (D) its normalized gain in conductivity.

needed when designing electrochemical desalination setups and what and how to
report once the raw data are generated from such a setup.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for further information, resources, or materials should be directed to and
will be fulfilled by the lead contact, Volker Presser (volker.presser@leibniz-inm.de),
upon reasonable request.

Materials availability
This study did not generate new unique materials.

Data and code availability

The data generated in this study are included in the manuscript and supplemental
information and will be made available from the lead contact upon reasonable
request.

Conductivity and pH measurements

Aqueous stock solutions of sodium chloride with concentrations of 1-1,000 mmol
L~ were prepared by first making 0.5 L of 1 mol L~" NaCl (VWR Chemicals) parent
solution, followed by dilution with deionized water (Milli-Q, Merck Millipore) to the
target concentration values. The solutions were kept in plastic centrifuge vials in a
climatized chamber (BINDER) at constant temperatures of 25°C overnight to reach
the equilibrium temperature before measuring.
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The ionic conductivity of each solution was measured by the conductivity probe
(Metrohm, 5-ring conductivity measuring cell with integrated Pt1000 temperature
sensor) connected to a module (Metrohm, 856 conductivity module), which commu-
nicates the data to a desktop computer. Likewise, the pH was measured by a glassy
pH probe (Metrohm, 3 mol L~" KCl electrolyte, with an integrated Pt1000 tempera-
ture sensor) connected to a module (Metrohm, 867 pH module) that communicates
the pH data to the computer. Both conductivity and pH online data are shown in real
time on the computer (Tiamo, Metrohm).

For temperature-dependent investigations of conductivity and pH, the aqueous
stock solutions were kept in a climatized chamber (BINDER) at constant tempera-
tures of 15°C, 25°C, 35°C, 45°C, and 55°C (each case: +1°C). At each temperature,
the solutions were left in the climatized chamber overnight to equilibrate with the
target temperature before the measurements were made.

Electrode preparation

To prepare free-standing carbon electrodes, we followed the procedure outlined in
our previous works.'“”* Typically, the electrodes were made by adding enough
ethanol to activated carbon (type YP-80F, Kuraray) in an agate mortar until it became
entirely wet while manually stirring the mixture with a pestle. Once a homogeneous
mixture was reached, polytetrafluoroethylene binder (60 mass % dispersion in water,
from Sigma-Aldrich) was added to serve as a polymeric binder, using a carbon/
binder mass ratio of 9:1. Stirring was continued under the fume hood until ethanol
partially evaporated from the mixture to result in a carbon paste, which was further
cold-rolled in a rolling machine (MTI HRO1, MTI). The free-standing carbon films with
a wet thickness of 600 um were then dried in a vacuum oven (Memmert) at 50°C
overnight.

Electrochemical desalination tests

A pair of round pieces of the free-standing carbon electrodes were cut in 30-mm cir-
cular diameter and used as positive and negative electrodes for the electrochemical
desalination cell. The carbon electrodes were sandwiched in a custom-made cell,”
separated by a few round-shaped glass fiber filters (GF/A, Whatman) and nylon mesh
pieces to allow the water stream to flow between the electrodes (flow-by configura-
tion). To monitor the potential development in each electrode individually upon
charge and discharge, a spectator Ag/AgCl reference electrode (3 M NaCl, BASi)
was mounted on the cell near the electrodes. When needed, polymeric ion-ex-
change membranes with a diameter of 50 mm were cut and soaked into 20 mmol
L~" NaCl electrolyte overnight. Anion-exchange membrane (Fumasep FAA-3-20,
Fuma-tech) was placed in between the positive electrode and the flow channel,
and the cation-exchange membrane (Fumasep FKE-20, Fuma-tech) was placed in
between the negative electrode and the flow channel.

Ten liters of 20 mmol L~" aqueous NaCl solution was stored in a tank as the electro-
lyte, where it is constantly bubbled with a small nitrogen flow to minimize carbon
electrode oxidation due to the presence of dissolved oxygen in the electrolyte.
The electrolyte was pumped from the tank via a peristaltic pump (Masterflex) at
flow rate of ~2 mL min~" into the cell. To ensure that accurate flow-rate values
were obtained, the flow was collected manually using a 10-mL graduated cylinder
for 5 min after each day of desalination measurements. The water stream flowing
out of the cell went further into the chamber containing the conductivity probe, fol-
lowed by the pH probe chamber, and finally cycled back into the tank to complete
the loop (called a single-pass mode of operation). The entire setup was kept in a
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climatized chamber at 25°C + 1°C to eliminate possible effects from day/night fluc-
tuations in temperature.

Electrochemical testing was then carried out using an electrochemical workstation
(Bio-Logic, potentiostat/galvanostat, type VSP300), programmed to repeatedly
charge and discharge the cell at the rate of 0.1 A g™' concerning the total mass of
both carbon electrodes combined.

For selectivity measurements, a 1-L aqueous electrolyte of KCI (Sigma-Aldrich),
NaCl (Roth), and CaCl, (Sigma-Aldrich), each at 10 mmol L' concentration, was
prepared. The electrolyte was constantly bubbled with nitrogen and pumped
via a peristaltic pump (Masterflex Reglo ICC Digital Pump with independent chan-
nel control, 3-channel, 8-roller) into an electrochemical cell with symmetric carbon/
carbon cloth electrodes (Kynol ACC-5092-20). The water stream flowing out of
the cell first went into the chamber containing the conductivity probe and
then proceeded to the ICP-OES instrument (ICP-OES, ARCOS FHX22, SPECTRO
Analytical Instruments) before finally being discarded. The concentration of
each ionic species was determined individually by intensity-concentration equa-
tions obtained by calibration of known samples beforehand (Table S1 and
Figure S5).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/] xcrp.
2023.101661.
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Supplemental Figures

Figure S1.
Current collector

Electrode
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Electrode
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Figure S1. A simple electrochemical desalination cell. Schematic representation of an

electrochemical desalination cell with flow-by configuration, where the water stream passes in between

the two electrodes.
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Figure S2.
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Figure S2. Changing the time into cycle number. Conversion of conductivity vs. time data (A) into
conductivity vs. cycle number (B).
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Figure S3.
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Figure S3. Raw online elemental monitoring data. Variation of the intensities individually recorded
from calcium, potassium, and sodium ions using online ICP-OES monitoring of effluent water stream of
a carbon/carbon electrochemical cell showing (A) rather noisy data with a cell containing 294 mg carbon
cloth as negative electrode and 293 mg carbon cloth as positive electrade, and (B) less noisy data with
a cell containing 506 mg carbon cloth as negative electrode and 501 mg carbon cloth as positive
electrode.
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Figure S4.
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Figure S4. Improving the signal to noise ratio. Calcium concentration change derived from raw ICP-
OES intensity data (Figure S7) using concentration-intensity equations obtained from calibration curves
(Figure S6): (A) a rather noisy concentration profile with a cell containing 294 mg carbon cloth as
negative electrode and 293 mg carbon cloth as positive electrode and (B) less noisy concentration
profile with a cell containing 506 mg carbon cloth as negative electrode and 501 mg carbon cloth as
positive electrode.
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Figure S5.

A 20‘“ Na.|.

15

10+

Concentration (mmol L
Concentration (mmol L)

0.0E+0 4.0E+4 8.0E+4 0E+0 1E+6 2E+6
Intensity at 330.237 nm Intensity at 769.896 nm

Ny
o

0

Y
¥

—_
w

wn

Concentration (mmol L)
) )

Concentration (mmol L)

OE+0 1E+6 2E+6  3E+6 0.0E+0 5.0E+3 1.0E+4
Intensity at 183.801 nm Intensity at 133.573 nm

Figure S5. Construction of the calibration curves relating the ICP-OES intensity to the
concentration. Concentration-intensity curves constructed using the solutions listed in Table S1 to
calibrate the ICP-OES instrument so that the measured optical emission intensity of each element can
be individually converted into its concentration for (A) sodium, (B) potassium, (C) calcium, and (D)
chloride ions.
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Figure S6.
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Figure S6. Calculation of the leakage current of the electrochemical desalination cell in this
study. (A) Current-time profile for the charging half-cycle of an electrochemical desalination cell and (B)

the zoomed view of the current-time curve showing the leakage current and leakage charge.
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Figure S7.
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Figure S7. Integration of the area under the curves of concentration-time and current-time
profiles. Integration of area under curve for charging and discharging half-cycles with 60 min duration
each: (A) Concentration-time data and (B) current-time data.
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Figure S8.
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Figure S8. Effect of aging of the conductivity probes. Calibration curves of conductivity probe a,
performed two times with 6 months interval in between for (A) low concentration and (B) high
concentration regimes; calibration curves of conductivity probe B, performed two times with 6 months

interval in between for (C) low concentration and (D) high concentration regimes.
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Figure S9.
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Figure S9. How pH can theoretically affect the conductivity. Theoretical dependence of the
conductivity of ideally pure water on its pH is shown via (A) wide conductivity-pH scale, showing a
conductivity of 0.055 uS cm-' at pH = 7; (B) narrower, and (C) narrower conductivity-pH scales showing
a pH range where conductivity contribution of water is minimal.
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Supplemental Table

Table S1. Composition and concentrations of the solutions used to calibrate ICP-OES instrument prior

to ion selectivity measurements.

Sample | NaCl concentration | KCI concentration | CaCl, concentration
number (mmol L) (mmol L) (mmol L)
1 (blank) 0 0 0

2 5 5 5

3 10 10 10

4 15 15 15

5 20 20 20
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Supplemental Notes

Note S1. The following is a checklist of what to report as the results of an electrochemical desalination

experiment.

* Electrolyte parameters:

electrolyte concentration (mM, mg/L, or ppm)
electrolyte flow rate (mL/min)
de-aerated with an inert gas? (e.g., Ar or N2)

o Cell parameters:

cell configuration (e.g., flow-by, flow-through, or flow-electrode)

for each electrode: type, mass, thickness

types of membranes used, if any.

electrodes configuration (2-electrode system or 3-electrode system, half-cell or full-cell,
with or without reference electrode)

¢ Other operational parameters:

single-pass or batch-mode

conductivity probe calibration status: when was it last calibrated? what was the
concentration range used for calibration? how was the goodness-of-fit (R? value)?

pH probe calibration status: when was it last calibrated?

pH variation: pH-time or pH-cycle curves, showing pH variation upon charge and
discharge

¢ Electrochemical parameters:

specific current applied for charging and discharging (e.g., in A/g). it is important to
specify here which mass was considered: the mass of both electrodes combined, the
average mass of both electrodes, or the mass of a single electrode?

charging and discharging voltage, and voltage holding time in each step

number of cycles tested

e Performance metrics:

concentration-time or concentration-cycle curves

electrode potential-time (or cycle), cell voltage-time (or cycle), and current-time (or
cycle) curves

average desalination capacity for each cycle, as well as the DC for charging half-cycle
and for discharging half-cycle

the time duration considered for integration of C-t curve

charge efficiency, with and without leakage current subtraction

is the time duration considered for integration of |-t curve the same as that in C-t curve?
energy consumption (kT/ion removed)
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Note S2. The following is a checklist of necessary items/considerations for an electrochemical

desalination experiment.

¢ Hardware and infrastructure:

peristaltic pump: does the flow rate set on the pump match the real flow rate passing
through its tubes? One can measure the flow rate manually by using a graduated
cylinder and a simple chronometer.

conductivity probe: freshly calibrated with stock solutions

pH probe

temperature-controlled environment

inert gas source to bubble the electrolyte, as well as a gas washing bottle to minimize
electrolyte evaporation

galvanostat/potentiostat that is capable of exporting outputs such as: electric charge
stored in the electrodes during charging and the charge retrieved during discharging;
energy consumed during charge; potential and current vs. time

« Software and other considerations:

reproducibility ensuring: does the software used for integration of area under
concentration-time or current-time curves generate the same results when handled at
a different time, or by a different user?

are the conductivity and pH probes close enough to the cell effluent to capture the
characteristics of the outflowing water without long delays from the electrochemical
results obtained by the galvanostat/potentiostat?
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ABSTRACT: Two-dimensional, layered transition metal carbides (MXenes) are an
intriguing class of intercalation-type electrodes for electrochemical applications. The
ability for preferred counterion uptake qualifies MXenes as an attractive material for
electrochemical desalination. Our work explores Ti;C,T,-MXene paired with
activated carbon in such a way that both electrodes operate in an optimized
potential range. This is accomplished by electrode mass balancing and control over
the cell voltage. Thereby, we enable effective remediation of saline media with low
(brackish) and high (seawater-like) ionic strength by using 20 and 600 mM aqueous
NaCl solutions. It is shown that MXene/activated-carbon asymmetric cell design
capitalizes on the permselective behavior of MXene in sodium removal, which in turn
forces carbon to mirror the same behavior in the removal of chloride ions. This has o
minimized the notorious co-ion desorption of carbon in highly saline media (600 mM

NaCl) and boosted the charge efficiency from 4% in a symmetric activated-carbon/

activated-carbon cell to 85% in a membrane-less asymmetric MXene/activated-carbon

cell. Stable electrochemical performance for up to 100 cycles is demonstrated, yielding average desalination capacities of 8 and 12
mg/g, respectively, for membrane-less MXene/activated-carbon cells in NaCl solutions of 600 mM (seawater-level) and 20 mM
(brackish-water-level). In the case of the 20 mM NaCl solutions, surprising charge efficiency values of over 100% have been
obtained, which is attributed to the role of MXene interlayer surface charges.

° Porous
carbon

KEYWORDS: MXene, intercalation, capacitive deionization, desalination, seawater, asymmetric

1. INTRODUCTION of the electrode and the charge efficiency (CE) gives the ratio

of invested total charge versus the charge corresponding to the

The development of sustainable water desalination technolo-
gies is crucial as clean water shortage has become a global
concern.' This challenge pertains to enhanced energy
efficiency and performance durability at low operational
costs. Capacitive deionization (CDI) is a promising water
desalination technology that offers certain advantages over
other widely employed alternatives such as reverse osmosis,
and thermal desalination.” CDI devices operate at low pressure
and have reduced energy consumption, especially at ultralow
to low salinity levels.” A CDI cell is conceptually a flow-
through electrochemical capacitor.” Upon charging the CDI
cell, water-dissolved ions are removed from the saline water
feed stream via electrosorption: Sodium ions are attracted to
the negatively charged electrode, and chloride ions are
attracted to the positively charged electrode. Upon discharging,
the ions are released back to the stream, and, as a result, the
regenerated electrodes can be used in the subsequent cycle. At
the same time, the invested electrical charge is (mostly)
recovered by which feature added energy efficiency of the CDI
technology is afforded. In this context, there are two important,
among other performance metrics: the desalination capacity
(DC) measures the effective amount of salt removed per mass

© 2020 American Chemical Society

. 4 ACS Publications

removed ionic species.’

Until recently, CDI research had focused on carbon-based
materials as electrodes.® The large surface area of nanoporous
carbon provides microporous channels for effective electro-
static immobilization of ions at the carbon/electrolyte
interface.” In the absence of intrinsic permselectivity, co-ion
desorption of microporous carbon prevents bulk ion removal
via ion electrosorption at high molar strength, such as that
found in saline water or brine.” This issue can, partially, be
remedied by implementing ion-exchange membranes, giving
rise to membrane CDI (MCDI).® However, while the
implementation of ion-exchange membranes also allows the
design of multichannel desalination cells,” it adds additional
costs and cannot overcome the intrinsic charge-limitation of
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carbon material. Alternatively, permselective counterion
adsorption via suppressed co-ion presence can be enhanced
even at high molar strength when lowering the carbon pore
size below 1 nm."’

In recent years, electrochemical desalination employing
Faradaic (charge-transfer) materials has overcome the
limitation to low molar regimes (<100—200 mM) and limited
desalination capacity (ca. 20—30 mgy.c1/electrode) Of carbon-
based CDL'' In 2012, Pasta et al. introduced a desalination
battery by employing layered sodium manganese oxide to
remove sodium ions from seawater without a need for ion-
exchange membranes.'” Lee et al. introduced the combination
of a Faradaic and an electrosorption (carbon) electrode to
enhance the CDI performance, but without accessing high
molar strength regimes.'> Until now, a large and rapidly
growing number of charge-transfer materials have already been
explored, including intercalation compounds,'* conversion
materials,'® electroactive polymers,16 redox-active electro-
lytes,17 and combinations of such materials. Even more
advanced approaches utilize high-capacity processes, such as
oxidant generation18 or metal—air processes.

Of interest for any application involving the intercalation of
cations and anions are two-dimensional (2D) materials. For
example, Ti;C,T, is a member of a large family of 2D materials
called MXene.”” MXene is derived via selective etching of A-
site atoms form a M,,;AX,, phase, where M stands for an early
transition metal, A stands for group 13 or 14 elements
(typica.ll?r Al), X stands for carbon and/or nitrogen, and n = 1,
2, or 3.>' To carry the meaning of surface functional groups, T,
is added to the chemical formula of MXene, to describe
fluorine-, chlorine-, and oxygen-containing functionalities.”
For instance, Ti;C,T, is commonly obtained by removing Al
from TiAlC, through aqueous HF etching (but nonaqueous
processing is also possible).”> Upon etching, Al is replaced by a
mixture of surface terminations (O, OH, and F), rendering a
typical MXene hydrophilic with a negative surface charge.”’
The layered structure of MXene allows for ions to be inserted
into the material (ion intercalation), a property that in addition
to a high conductivity” and facile processability> makes
MXene attractive for electrochemical energy storage and water
remediation. MXenes have shown promise in numerous energy
storage applications as lithium-ion battery®® or supercapaci-
tor”’” electrodes, as well as in environmental remediation
applications such as ion-sieving membranes®® or heavy metal
ion removal.”’

Electrochemical desalination is a less widely explored
domain of MXene research.®® As the first, Srimuk et al.
introduced Ti;C,T,-MXene in a symmetric cell for desalina-
tion of low molar (5 mM NaCl) water."* Using MXene as an
intercalation type material for both electrodes, a desalination
capacity of 13 mgn.c1/8electrode Was obtained with stable
performance for 30 cycles. Subsequent works on MXene
electrochemical desalination have focused on postprocessing
and modification of Ti;C,T, MXene to enhance its salt
removal capacity. The latter works include vacuum freeze-
drying and (45 mgy.c/Getectrode)s Substituting HF-etching
with LiF/HCI treatment (68 mgy.c1/Zeiectrode), . and nitrogen-
doping (44 mgu,c1/ Zetectrode) . to prevent restacking of MXene
layers and form electrochemically active porous structures.
These promising works underline MXene as an aspiring
material for water treatment applications.>*

However, Ti-based MXenes operated in aqueous environ-
ments are notoriously affected by aging via hydrolysis-aided

oxidation.®® This issue particularly affects the usefulness of
Ti;C,T, as the positively polarized electrode for electro-
chemical desalination of water. To fully capitalize on the
electrochemical performance of Ti-MXene in aqueous media,
it is convenient to limit its application to the negatively
polarized electrode where no oxidation will occur. Unlike
operation as asymmetric superca.pacitors,36 asymmetric de-
salination cells with MXene as only one of the electrode pair
has remained incompletely explored.’”* This includes the
important aspect of mass balancing to optimize the operational
cell voltage of each of the two electrodes, as recently shown by
Dryfe’s group for carbon-based CDL>’ Mechanistically, the
interesting aspect of addressing is the degree of permselectivity
of the nanoporous carbon electrode when paired with a
permselective intercalation-type electrode, such as MXene. We
explore if the permselective behavior of the intercalation
electrode will “force” the carbon electrode to prefer counter-
ions rather than 1:1 exchange a co-ion with a counterion. This
is of high importance for saline media with high salt
concentration because using only one intercalation-type
electrode paired with activated carbon as the other electrode
would lower system cost because of the high abundance of
carbon and eliminate the need for expensive ion-exchange
membranes.

Our study investigates the desalination of seawater-level
saline solutions (600 mM NaCl) and brackish water (20 mM
NaCl). We paired Ti;C,T,-MXene with activated carbon in an
asymmetric cell so that we can capitalize on sodium-ion
intercalation on the MXene side and chloride ion electro-
sorption within carbon nanopores. Our focus is not the
optimization toward the highest possible desalination metrics;
instead, our work focuses on the mechanistic aspect of the
desalination process. Specifically, our work explores the ion
permselectivity of the carbon electrode paired with that of
MXene by comparing cell performance with and without
adding a polymeric ion-exchange membrane in front of the
activated carbon. Thereby, we can compare the electro-
chemical desalination performance of the cell when the carbon
electrode is shielded (with an ion-exchange membrane) or
directly exposed to the saline medium. Characterization of the
MXene-CNT electrodes before and after use for over 100
cycles provides insights into performance stability and
degradation mechanisms.

2. MATERIALS AND METHODS

2.1. Electrode Preparation and Electrochemical Measure-
ments. The following materials were used as-received: activated
carbon (type YP-80F, Kuraray), multiwalled carbon nanotubes (CNT,
Graphene Supermarket), and Ti;C,T,-MXene (Laizhou Kai Kai
Ceramic Materials Co.). As seen from Figure S1, activated carbon has
a large surface area of 1644 m*/g and is composed of internal porosity
within the activated carbon particles. In contrast, carbon nanotubes
have a very small surface area of just 71 m?/g (Figure S1) which
relates to external porosity.*®

To prepare carbon electrodes, activated carbon and polytetrafluoro-
ethylene binder (PTFE, 60 mass% solution in water from Sigma-
Aldrich) in a 95:5 carbon/binder mass-ratio were mixed in ethanol to
give a homogeneous carbon paste.*” Afterward, the carbon paste was
rolled (MTI HRO1, MIT Corp.) to 600 ym thick freestanding
electrode films, which was then dried in a vacuum oven at +120 °C
overnight.

To prepare MXene-CNT electrodes, Ti;C,T,-MXene and CNT in
a 10:1 MXene/CNT mass ratio were tip-sonicated in ethanol for 30
min.*" The solution was subsequently vacuum filtered through
polyvinylidene fluoride (PVDF) membranes (0.22 pm, Durapore)

https://dx.doi.org/10.1021/acsami.0c05975
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Figure 1. Schematic of an asymmetric electrochemical water desalination cell (A) without an ion-exchange membrane and (B) with an anion-

exchange membrane.

and dried in an oven at +80 °C overnight. This electrode is labeled
MXene-CNT in our work.

In a typical half-cell experiment, circular-shaped 12 mm diameter
pieces were punched out of the MXene-CNT electrode and used as
the working electrode. An oversized activated carbon electrode was
used as counter electrode and glass fiber (GF/A, Whatman) was used
as a separator. All components were placed in a custom-built cell
between spring-loaded titanium pistons.*" A reference electrode (Ag/
AgCl, 3 M NaCl) was mounted onto the side of the cell in a way that
its porous frit was near the working and counter electrodes. The cell
was filled with 600 mM NaCl aqueous electrolyte by vacuum
backfilling using a syringe. Cyclic voltammetry (CV; scan rate: 1 mV/
s) and galvanostatic charge/discharge tests were performed with a
VSP300 potentiostat/galvanostat (Bio-Logic).

For full-cell electrochemical water desalination, a 30 mm diameter
MXene-CNT electrode was punched out and used as the working
electrode. On the basis of the mass of MXene-CNT, an activated
carbon electrode with a suitable mass ratio (section 2.2) was cut and
used as the counter electrode. The working and counter electrodes
were stacked together and separated by glass fiber membranes.
Thereby, the middle channel was formed and provided a pathway for
600 mM NaCl electrolyte to flow in between the electrodes (flow-by
mode, Figure 1).** A nonreinforced 31 + 2 ym thick anion-exchange
membrane (Fumatech, FAS-30) was used on the side of the carbon
electrode in certain cells. An Ag/AgCl spectator reference electrode
was used to allow recording the electrode potentials of the activated
carbon and MXene-CNT electrodes individually.

2.2. Electrode Mass Balancing. To determine the suitable mass
ratio between MXene-CNT and activated carbon electrodes in a full
desalination cell, cyclic voltammetric window-opening experiments**
were performed at both negative and positive potentials. The results
of this method reveal the ideal stable potential window for each of the
electrode materials, as well as quantifying the amount of charge
storable in each electrode at a certain potential. Using eq 1, one can
balance the mass ratio of the electrodes based on cyclic voltammetric
window-opening experiments:

MMXene-CNT Q-Acnvated‘carbon
Qpixene-cNT (1)

My ctivated_carbon

where QMXene—CNT (C/ 8) and QAc(iva(ed_carbon (C/ g) are, respectively,
the specific electric charge stored in MXene-CNT and activated
carbon electrodes at a certain potential. The value of Mygxene.cnr/
Mpctivated carbon then gives the mass ratio between the two electrodes,

based on which a full cell with maximum desalination performance
can be fabricated.

2.3. Desalination Experiments. All desalination experiments
were performed using galvanostatic cycling with potential limitation
(GCPL) technique via VSP300 potentiostat/galvanostat (Bio-Logic)
electrochemical workstation at +25 °C. Each cycle duration was 2 h
and consisted of two half-cycles. In the first half-cycle, the cell was
charged to 1.2 V and held at that voltage for 1 h. In the second half-
cycle, the cell was discharged to 0.3 V and at that voltage for another 1
h. Both charging and discharging steps were accomplished at 0.1 A/g
current density (normalized to the combined mass of both activated
carbon and MXene-CNT electrodes). A stream of saline was pumped
into the cell at a 2 mL/min rate from a reservoir tank, which
contained 10 L of electrolyte and was constantly bubbled with
nitrogen prior to and during the experiments to deaerate the fluid.
The effluent stream flowed out of the cell into a conductivity meter
(Metrohm PT1000) and pH meter (WTW SensoLyt 900P) and
flowed back into the tank to complete the loop. The pH and
conductivity data were recorded every second online by computer.
Calculations regarding the correlation of pH and conductivity data to
concentration may be found in our previous work.** The desalination
capacity (mgy,c1/Setectrode) Was calculated according to eq 2:

UM,
desalination capacity (DC) = E=NaCl fAC dt

Miotal

@)

where v is the flow rate (mL/min), My, is the molecular weight of
NaCl (58.44 g/mol), My, is the total mass of electrodes (g), t is the
time over the adsorption or desorption step (min), and AC is the
concentration change of NaCl (mM) in the effluent stream of the cell.
The charge efficiency (%) was calculated following

DC
Mnacl
Q

X 100%
F (©)

where F is the Faraday constant (26 801 mAh/mol) and Q is the
average of total charge stored in the two electrodes normalized to the
total electrode mass (mAh/g).

2.4. Material Characterization. X-ray diffraction (XRD) analysis
was conducted using a D8 Advance diffractometer (Bruker AXS) with
a Nifiltered copper X-ray source (Cu Ka, 40 kV, 40 mA) and a 2D
detector (VANTEC-500). A JEOL JSM 7500F field-emission
scanning electron microscope (JEOL) was used to record scanning
electron microscopy (SEM) images. Energy-dispersive X-ray spec-

charge efficiency (CE) =
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Figure 2. Characterization of the MXene-CNT electrode. (A, B) Scanning electron micrographs, (C) energy-dispersive X-ray spectrum (EDX), and
(D) X-ray diffractogram and overlaid 2D diffraction pattern of Ti;C,T,-MXene alongside ideal pattern of different phases [Powder Diffraction File
(PDF) nos. 21-1272, 29-009S, 52-0875, 65-8246, and 89-4920 are Joint Committee on Powder Diffraction Standards, 2004].

troscopy (EDX) was carried out at 12 kV with an X-Max Silicon
Detector from Oxford Instruments using the AZtec software.
Transmission electron microscopy (TEM) was conducted using a
JEOL JEM-2100F system at an operating voltage of 200 kV. The
samples were dispersed in ethanol and tip-sonicated briefly. The
dispersion was then drop casted on a TEM copper grid with a lacy
carbon film.

We used an Autosorb iQ_ system (Quantachrome) for nitrogen
sorption at —196 °C. The samples were degassed at 100 Pa and 200
°C for 1 h and then at 300 °C for 20 h. Alongside the isotherm of
activated carbon, carbon nanotubes, MXene powder, and MXene-
CNT electrodes, the specific surface area (SSA) was obtained via
Brunauer—Emmett—Teller (BET) theory and by applying the
quenched-solid density functional theory (QSDFT), assuming a slit-
shaped pore model as provided in Figure S1.

The streaming potential was measured using a Miitek PCD-T3
instrument with the particle charge detection method. In a typical
experiment, 50 mg of MXene or YP-80F carbon was dispersed in 30
mL of water. The mixture was then poured into a cylindrical PTFE
container of the instrument with a PTFE piston inside. The automatic
titration was conducted by gradual injection of HCI or NH; solutions
into the mixture while the potential recorded online.

26016

3. RESULTS AND DISCUSSION

3.1. Material Characterization. The SEM images
depicted in Figure 2A show the morphology of pristine
MZXene-CNT electrodes. Ti;C,T,-MXene structures are
observed with their typical layered accordion-like morpholo-
gies, entangled by CNTs. TEM images of the CNTs are
provided in Figure S2. The incorporation of CNTs improves
the mechanical stability of the electrode, as well as enhancing
the electrical conductivity.** CNTs themselves have a specific
surface area of 71 m?/g, which is predominately on the outer
surface. Ti;C,T,-MXene exhibits an external surface area of 3
m?/g, and the mechanical mixture of 10 mass % CNTs and 90
mass % of MXene yields a surface area of 12 m*/g. The latter
value is very close to the theoretical value of such a mixture
(ie, 10 m*/g), and the same goes for the corresponding pore
volume (0.04 cm®/g measured for the composite electrode;
Figure S1). The low values of surface area and pore volume
originate from the porous space between the MXene bundles
(Figure 2A) and not from within the interlayers of MXenes.
There is no detriment to such a low level of porosity since
electrochemical desalination via MXene is not based on ion
electrosorption but on the ion intercalation between the layers
of the electrode material. In addition to providing electronic

https://dx.doi.org/10.1021/acsami.0c05975
ACS Appl. Mater. Interfaces 2020, 12, 26013-26025

100



ACS Applied Materials & Interfaces

Research Article

www.acsami.org

Table 1. EDX Elemental Analysis of the Pristine MXene-CNT and Post-Mortem Electrodes of Different Cells after Long-Term

Cycling”

(& Ti
pristine 13+£9 57 +13
post-mortem (600 mM + AEM) 12 +2 53+5
post-mortem (600 mM) 15+3 58+8
post-mortem (20 mM + AEM) 10 +2 67 +8
post-mortem (20 mM) 10+2 61 +7

“All values in mass %.

(¢} Al F Na Cl
93 3+3 17+ 6
22+3 1+0 6+1 3+0 3+1
16 + 4 0+0 8+2 2+1 1+0
15+ 4 0+0 S5+2 2+0 140
22+ 4 1+0 6+2 1+£0 0+0

pathways and entangling MXene flakes, the CNTs also likely
provide facile ion-transport pathways by preventing too tight
packing of MXene particles.

At a higher resolution, we also see from the SEM image in
Figure 2B, the presence of cuboid particles spread over the
MXene surface. The latter particles are consistent with
titanium oxide, and the presence of oxygen is confirmed by
the EDX spectrum displayed in Figure 2C (EDX results are
listed in Table 1). Ti-based MXene is known to oxidize in air,
especially in the presence of humidity.® The EDX results also
show a low amount (around 3 mass%) of residual aluminum,
which stems from nonetched MAX phases or traces of
aluminum fluoride from the etching products of the MAX
phases.

XRD analysis confirms the presence of Ti;C,T,-MXene. The
XRD pattern in Figure 2D shows a strong (002) peak at 8.59°
20 of Ti;C,T,, compared to the initial value of (002)-Ti;AIC,
of the parent MAX phase at 9.52° 26. This corresponds with
an 11% increase in the d-spacing along the c-axis. In addition to
higher-order (00!)-type MXene reflections, we also see the
characteristic MXene-peak related to (110)-Ti;C,T, at about
61° 260.*° No significant amounts of either Ti,AlC or TiC are
found from the diffraction pattern analysis. We also see the
presence of minor amounts of titanium oxide (possibly rutile)
from the diffraction signal generate at about 27° 26. Figure S3
provides the XRD pattern of the corresponding phases with
their relative intensities.

3.2. Electrochemical Behavior. In the first step to
determining the stable electrochemical potential window of
the MXene-CNT and activated carbon electrodes, half-cell
cyclic voltammetric window-opening measurements at a scan
rate of 1 mV/s were carried out with 100 mV increments
(Figure 3A,B). These experiments were carried out in aqueous
600 mM NaCl to avoid issues of ion starvation and to provide
a baseline for later desalination experiments at seawater-like
ionic strength.*®

The cyclic voltammograms of activated carbon are
rectangular-shaped, showing a near-ideal capacitive behavior
(Figure 3A). As the potential difference is increased, there is a
notable increase in the capacitance during positive and
negative polarization when comparing identical potential
window widths. This effect is linked to the quantum
capacitance effect induced by the increased number of charge
carriers in carbon, as the latter is not a perfect metallic
conductor.*"*” At very high positive potentials, starting at
around +0.6 V vs Ag/AgCl, we also see an irreversible increase
in transferred charge linked to water splitting.”® We note a
similar capacitance during positive and negative polarization,
which would indicate a similar ability to serve as an electrode
for sodium and chloride removal (under the condition of
permselectivity).***’ These features make activated carbon

electrodes suitable for positive and negative polarization
regimes in the context of capacitive deionization.

For MXene-CNT electrodes, an onset of the oxygen
evolution peak is seen at positive potentials as early as +0.3
V vs Ag/AgCl (Figure 3B). This makes the chosen MXene-
CNT electrodes unsuitable to serve as the positive electrode in
our setup. During negative polarization, there is a continued
increase in the corresponding capacitance when increasing the
voltage bias. This process aligns with the conditioning of the
MXene interlayer space and is irreversible. The latter is
obvious when comparing the low capacitance found during the
initial cycles at low potential bias, seeing the increased area
under the cyclic voltammogram as the lower scan limit
transitions toward more negative polarization, and the
significantly increased capacitance for small voltage windows
during repeat measurements (solid line graphs in Figure 3C).
Electrochemical dilatometry also shows the increased strain of
the MXene-CNT electrode when the polarization bias is
increased (Figure 3D). The electrode shrinking follows the
same pattern observed during negative polarization in Na,SO,
reported before and is aligned with the stronger MXene layer
attraction in the sodiated state.’® This process is likely to be
accompanied by a change in the number of solvent molecules
within the interlayer space.”’ We also note the prominent
current-peak at —0.5 V (cathodic scan) and —0.3 V (anodic
scan), which may be related to interlayer proton-redox
processes and ion arrangement effects.”> In past works, this
peak was mostly reported and analyzed in aqueous H,SO,
electrolytes.>

Half-cell cyclic voltammograms of CNTs are provided in
Figure S4. Cyclic voltammograms show a rectangular-shaped
profile typical for ion electrosorption. The low surface area of
CNTs explains the low capacitance of about 20—-30 F/g
(depending on the potential range). Given that CNTs account
for only 10 mass % of the MXene-CNT electrodes, the
electrochemical contribution arising from CNTs to the total
capacitance of about 120 F/g of the electrode is negligible.
Specifically, at a polarization potential of —0.8 V vs Ag/AgCl,
for instance, the charge stored in CNT electrodes is only 6%
that of MXene-CNT (Figure 3B).

Galvanostatic charge/discharge cycling was employed to
quantify the specific capacitance (Figure 3E) and specific
capacity (Figure 3F) of the electrodes. Galvanostatic charge/
discharge cycling at 0.1 A/g gave a capacitance of 123 F/g for
MXene-CNT at the potential window between —1 and 0 V vs
Ag/AgCl and 95 F/g for activated at the potential window
from 0 to +0.4 V vs Ag/AgCl. For the two materials, the
capacitance originates from different electrochemical processes.
While the large surface area of activated carbon (1644 m?/g;
Figure S1A) enables ion electrosorption, we see pseudocapa-
citive ion intercalation of sodium for MXene-CNT considering
the low surface area (3 mz/g for MXene and 12 mz/g for

https://dx.doi.org/10.1021/acsami.0c05975
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Figure 4. Effluent concentration change and cell voltage profiles of MXene/activated-carbon cell for two full cycles in (A) 600 mM NaCl and (B)
20 mM NaCl, both without membrane. Salt removal capacity stability and charge efficiency for cells with and without membrane in (C) 600 mM
NaCl and (D) 20 mM NaCl, alongside membrane-less symmetric activated-carbon cells (the latter includes 60 cycles).

V to ensure activated carbon remains within the positive
polarization regime (and, in return, MXene-CNT remains
negatively polarized). The potential profiles of the individual
MXene-CNT and activated carbon electrodes are provided in
Figure SS. To ensure stable performance and to avoid first-
cycle effects, all cells were initially cycled for around 30 cycles
before the desalination experiments. As was seen from the
electrochemical characterization data, the low amount of low-
surface area carbon nanotubes aligns with a small contribution
to the charge capacity of the MXene-CNT electrode, and as a
consequence, the contribution of desalination via ion electro-
sorption by the CNTs is negligible (based on 2—3 F/ g via 10
mass% of pure CNTs, the corresponding desalination capacity
is expected to be below 1 Mg,/ Getectrode) -

Figure 4A,B shows the effluent salt concentrations
(alternating peaks and troughs) alongside the voltage profile
applied (without the use of an anion-exchange membrane).
Upon charging the cell to 1.2 V, ions are attracted to the
electrodes, causing a sudden drop in the concentration of the
effluent stream. The concentration then levels off to the
previous level before discharging, indicating that the system is
approaching equilibrium and that the electrodes are saturating

26019

with salt ions. Likewise, a similar process occurs upon
discharging the cell to 0.3 V, where electrodes are depleted
from ions and are regenerated for the next cycle.

The potential distribution between MXene-CNT and
activated-carbon electrodes in different cells are shown in
Figure S5. At 600 mM NaCl in the absence of an ion-exchange
membrane (Figure SSA), we see the highly linear slope of
charge/discharge profiles of each monitored electrode
potential. The potential range of activated carbon remains
fully in the positive polarization regime and has a lower
amplitude compared to the MXene-CNT electrode. This is
because of the different charge storage capacities of the two
electrode materials and the chosen mass ratio. At low molar
strength (20 mM NaCl), we note the presence of short-lived
spikes in the potential curves of MXene-CNT at vertex
potentials (Figure SSC). This is because of the lowered ion
mobility at low molar strength; since we only control the cell
voltage and just monitor the individual electrode potentials, we
see a quicker charging behavior of the activated carbon
electrode because the latter capitalizes on interfacial charge
storage via ion electrosorption. In contrast, charge transfer is
slightly slower in the case of ion intercalation in MXene-CNT,

https://dx.doi.org/10.1021/acsami.0c05975
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MXene-CNT; Figure S1CD). At a rate of 2 A/g, both
electrodes yield a comparable capacitance of 63—66 F/g, and
we see a lower rate handling ability of the activated carbon
electrode compared to MXene-CNT. Characteristic galvano-
static charge/discharge profiles are displayed in Figure 3F, and
we chose capacity as the displayed unit to correctly quantify
the charge and to compensate for any deviation from a
perfectly rectangular cyclic voltammogram found for MXene-
CNT. The capacity of about 10 mAh/g for activated carbon
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and 34 mAh/g for MXene-CNT informed the mass balancing,
which will be used in section 3.3.

3.3. Desalination Performance. On the basis of the
electrochemical results obtained by half-cell measurements,
asymmetric full-cells comprising of MXene-CNT and activated
carbon electrodes were fabricated. For the desalination cell, we
chose the mass ratio between the two electrodes that was
optimized according to the method explained in section 2.2.
We also carefully adjusted the potential window to cycle
between cell voltages 1.2 and 0.3 V instead of discharging to 0

https://dx.doi.org/10.1021/acsami.0c05975
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whereby, upon charging and discharging, the slower electrode
is briefly forced to higher potentials. Each small spike in the
profile of MXene-CNT is accompanied by a small notch in the
profile of the activated carbon electrode.

Figure 4C,D shows the desalination capacity and charge
efficiency of up to 100 cycles in aqueous 600 mM NaCl and 20
mM NaCl. In the absence of an ion-exchange membrane, we
see at 600 mM a desalination capacity of 8 & 1 mgy,c1/8electrode
at a charge efficiency of 85 + 6%; at 20 mM, we find a
desalination capacity of 12 + 1 mgy.ci/8electrode at @ charge
efficiency of 125 + 8% (we comment on exceeding 100%
charge efficiency and its importance later in this section).

For comparison: In a membrane-free configuration,
activated carbon only affords at 600 mM a desalination
capacity of 0.8 £ 0.3 mgy,c1/Gelectrode at @ charge efficiency of 4
+ 2%; at 20 mM, we find a desalination capacity of 3 + 1
MEn.cl/ Gelectrode At @ charge efficiency of 41 + 9%. The data for
using only activated carbon for both electrodes is from a
previous study where a cell voltage of 1.0 V and discharging to
0 V was employed.®* Higher desalination capacities for this
type of activated carbon are found for membrane-free
desalination only at lower molar strength; for example, we
found at 5 mM a desalination capacity of about 10 mgy,c/
electrode at a corresponding charge efficiency of 75—79%."

Figure 4C,D displays the desalination capacity and charge
efficiency for the cell modified by placing an anion-exchange
membrane in front of the activated-carbon electrode. This
means that the positively polarized carbon electrode allows
(almost exclusively) only the uptake of counterions because of
the permselective feature of the ion-exchange membrane.***
For this case, we find at 600 mM a desalination capacity of 9 +
0 m@nacl/ Gelectrode at a charge efficiency of 96 + 4%; at 20 mM,
we find barely statistically differentiable values, namely, a
desalination capacity of 11 + 1 mgy.c1/8electrode at @ charge
efficiency of 114 + 7%. The corresponding electrode potentials
are found in Figure S5B,D. While the potential profiles with or
without the anion-exchange membrane are highly comparable
at aqueous 600 mM NaCl (Figure SSA-B), there is a notable
difference at 20 mM. As seen from Figure 4C,D, the spikes in
the potential profiles of MXene-CNT in the configuration
without the ion-exchange membrane are absent after adapting
the anion-exchange membrane in front of the activated-carbon
electrode. This caused in return a more sluggish ion transport
toward the nanoporous carbon electrode through the ion-
exchange membrane, which kinetically resulted in a slower
process compared to ion intercalation within the MXene
interlayers. Accordingly, there are visible spikes in the potential
distribution of the activated-carbon electrode and correspond-
ing notches in the MXene-CNT profiles.

3.4. Why Is the Asymmetric Cell Accomplishing
Desalination Even at High Molar Strength? As seen
from our data (and previous works), it is well-known that
activated carbon with pores larger than 1 nm fails to provide
any significant permselectivity in the context of counterion
electroadsorption during capacitive deionization.'”>® The
activated carbon used in this study has a rather wide pore
size of 1.3 nm (Figure S1A), which is much larger than the
hydrated sodium or chloride ions (~4 A).>**" Since the
pristine activated carbon used in this study is neither oxidized
nor reduced, few surface groups must exist on the carbon
surface, rendering it nonstereoselective and nonmolecular
sieving without discrimination toward cations or anions. In
other words, in an uncharged state, both sodium and chloride

ions coexist within carbon micropores, as previously shown in
our work, by use of in situ small-angle X-ray scattering®® and
via modeling.'® Therefore, when two activated-carbon electro-
des are paired in a symmetrical desalination cell, carbon
micropores will both desorb co-ions (undesired) and attract
counterions (desired). At a high molar strength, the co-ion
expulsion dominates to such a great extent that effectively no
desalination is accomplished (Figure 4C).

When MXene is paired with activated carbon, a charge
efficiency of above 80% is maintained in the case of 600 mM
without any ion-exchange membrane. This high charge
efficiency implies that minimal co-ion expulsion takes place
at both MXene and activated-carbon electrodes in an
asymmetric configuration. On the side of the MXene-CNT
electrode, the negative surface charges repel chloride ions that
approach the surface, and as a result, no electric charge is
wasted repelling the chloride ions but rather is exclusively
invested to intercalating of sodium ions in between the MXene
sheets. Given that the bulk solution must be electroneutral,
chloride ions are then forced to be electrosorbed onto the
otherwise nonpermselective activated carbon. MXene itself has
the intrinsic ability to intercalate cations and anions; however,
it does so in a nearly perfectly permselective manner, that is,
the screened environment within the MXene interlayers allows
for counterion intercalation at low and high molar strength of
the bulk electrolyte."**’

The permselectivity forced upon the activated carbon by the
MXene-CNT electrode can also be aided by the asymmetric
electrode potential distribution. In regular CDI with symmetric
cells and two electrodes composed of activated carbon, the cell
is usually discharged to 0 V. The potential range around 0V,
however, is the regime in which the electroneutrality within the
carbon nanopores is re-established by replenishing the initial
population of co- and counterions (ideally in the same ratio as
that found in bulk).***>** Keeping the carbon electrode at all
times outside that potential reé%ime aids in avoiding the regime
of permselectivity failure.”” For example, Kim et al
demonstrated for a symmetric CDI system based on a similar
activated carbon (Kuraray YP-SOF) cycled between 0.3 and 1.2
V cell voltage a maximum desalination capacity of about 9
MENacl/ Gelectrode at @ corresponding charge efficiency of 60—
90% (depending on the half-cycle time) at a molar strength of
20 mM NaCl*" However, it is not realistic to assume that the
permselective regime can be accessed by activated carbon
within the range of +0.2 V to +0.5 V vs Ag/AgCl at high molar
strength, such as studied by us when using 600 mM NaCl. At
such a high ion concentration, the entire potential range is
dominated by nonpermselective ion-exchange.’®

When we now compare the performance at low and high
molar strength with or without the added ion-exchange
membrane to screen ions moving toward the carbon electrode,
we see only small effective differences in the desalination
performance. At 20 mM NaCl, the desalination capacity is
virtually indistinguishable, while at 600 mM, there is a small
increase when using the anion-exchange membrane. For the
system at 20 mM, it is reasonable to assume that the potential
range control of activated carbon and the intrinsic uptake of
counterions of MXene-CNT alone allow for permselective ion
removal. Adding an ion-exchange membrane has little effect in
that case. However, for 600 mM, the carbon electrode is forced
by the permselectivity of MXene-CNT to also behave
permselectively: This is not a perfect state, and we see an
improvement in desalination performance in case of enhancing
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the carbon electrode’s permselectivity further with an added
ion-exchange membrane allowing only the removal of anions.

The enhanced permselectivity of the asymmetric MXene-
CNT/activated-carbon system over that of the symmetric
activated-carbon/activated-carbon system is seen from the
corresponding energy consumptions (Figure S6). In all
MXene/activated-carbon cells, the energy consumed per
removed salt ion is around 40 kT, and it barely changes
across the two concentrations tested. However, activated-
carbon/activated-carbon cells show an energy consumption of
82 kT at 20 mM and 670 kT at 600 mM, showing ineffective
desalination in case of the latter salt concentration. The energy
consumed to accomplish desalination could be an important
metric to take into consideration when comparing various CDI
systems with each other, as well as comparisons across
available desalination technologies.

3.5. Why Is the Asymmetric System Exceeding a
Charge Efficiency of 100% at 20 mM? In the 20 mM
system, the charge efficiency repeatedly exceeds 100% and
stays there persistently for the whole duration of measure-
ments. This effect, at low molar strength, is not limited to the
presence of an ion-exchange membrane, so we cannot explain
the charge efficiency in terms of an addition jon-removal
capacity of the (mass-wise not accounted) anion-exchange
membrane (as shown, for example, by Zhang et al.** and Tang
et al.).”” This effect also enhanced the average desalination
capacity at 20 mM system (12 mg/g for the cell without
membrane) compared to that in the 600 mM system (8 mg/g
for the cell without membrane). In the system operated at
aqueous 20 mM NaCl, we do not see much of a statistically
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significant difference between operation with or without the
anion-exchange membrane regarding the charge efficiency. A
charge efficiency above 100% means that per 1 mole of electric
charge invested upon charging, more than 1 mole of salt ions is
removed (or released upon discharging). This surprising effect
might be explained in the context of MXene surface charges
and the concept of potential at zero charge (Epyc), which
follows herein.

Ti;C,T,-MXene has negativelgf charged surface function-
alities such as —O, —OH, or —F,** and as a result has a strong
affinity toward positive ionic species such as metal cations®**>
in aqueous media even under no applied potential (MXene as
an adsorbent powder, not as an electrode). These negative
surface charges shift the Ep; toward positive potentials. This is
evidenced by the streaming potential measurements (Figure
S$7) on MXene that show a point of zero charge at a pH of 1.5.
This means that MXene is negatively charged all the way down
to this highly acidic pH, at which point it exhibits a neutral net
electric charge, possibly due to protonation of the hydroxyl
terminal groups of MXene.®® Zeta potential measurements on
Ti;C,T,-MXene in other studies has also shown a point of zero
charge at pH values between 2 and 3.°“°° For comparison, the
activated carbon reaches charge neutrality at a pH value of
about 3.5 but with a much steeper streaming potential profile
as a function of the pH value (in agreement with previous
work).*

The applied potential range has an important effect on the
charge efficiency of a desalination cell.****®” Systematic
studies on symmetric activated-carbon CDI cells***’ have
shown that highest charge efficiencies (ie., low co-ion

https://dx.doi.org/10.1021/acsami.0c05975
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expulsion/high counterion uptake) are obtained when the cell MXene-CNT electrodes after long-term cycling, including

is not fully discharged to Ep;c, but rather to a potential far electron microscopy, EDX analysis, and X-ray diffraction, are
enough thereof.’" This condition has apparently been met in shown in Figure 6 and Table 1. The data shown in Figure 6
our work by cycling within 0.3—1.2 V, as shown schematically originate from the cell with an anion-exchange membrane at a
in Figure SA. Discharging to a lower potential limit of 0.3 V discharged state cycled in 600 mM solution; SEM images and
prevents MXene and activated carbon to cross their respective X-ray diffraction data for post-mortem samples after the
Epyc and minimizes parasitic co-ion expulsion phenomenon, operation at 20 mM (with and without ion-exchange
resulting in a high charge efficiency. This effect, however, does membrane) and at 600 mM without the anion-exchange
not explain why the system at low molar strength would be membrane are found in Figures S8 and S9.
able to exceed charge efficiency values of 100%. As seen in Figure 2, the pristine MXene surface is already
The additional gain in charge efficiency above 100% should slightly oxidized, covered with cuboid-like titanate particles. A
then be attributed to the negative surface charges of MXene, comparison of SEM images of pristine MXene-CNT (Figure
which serve as an additional chemical charge.”” When MXene 2A) and post-mortem electrodes (Figure 6A) reveals a much
is negatively polarized, sodium ions intercalate between larger degree of coverage of MXene layers with titanium oxide
MXene sheets due to the attraction they feel from both particles. The increase in oxygen (found for all samples) is
negative applied electric charge and negative surface dipole of mostly accomplished by a decrease in the content of fluorine
functional groups, as schematically illustrated in Figure SB. (Table 1). ) )
Upon discharging the MXene-CNT electrode to 0 V vs Ag/ The X-ray diffraction pattern of the post-mortem electrode

is consistent with previous works on oxidized Ti,C,T ;%
specifically, we note the absence of the characteristic (002)-
MXene peak due to oxidation-related disruption in the stacking
periodicity and the development of a broad peak at around 20°
20. The disappearance of the (002) peak can also relate to the
insertion/deinsertion of sodium ions between the MXene
layers during the electrochemical process and the formation of
TiO, crystals; both effects disrupt the initial MXene-layer
stacking order. The low temperature of the oxidation process
and the small length-scale of the formed titanium oxide
domains are mostly consistent with the formation of
nanorutile, but further TiO, phases (such as anatase) cannot
be excluded.

AgCl (Figure SS), all the said applied negative electric charge
are retracted, resulting in the release of the corresponding
sodium ions adsorbed, while the surface charges still cling to
their corresponding sodium ions. Upon further discharging to
potentials slightly higher than zero (but still away from Ey;¢), a
positive charge is induced in MXene sheets, which helps to
overcome the negative charge of surface charges and thereby
releasing the remaining sodium ions and regenerating the
surface groups. At this point, sodium ions are again in part
spontaneously adsorbed to the surface charges in addition to
the attraction arising from electric charges. The former is
similar to the inverted CDI system at a lower voltage limit, that
is, ion adsorption upon discharge due to electrode surface
charges.”® The spontaneous chemisorption of sodium ions
onto the negative surface functionalities of MXene could

4. CONCLUSIONS

explain the additional gain in charge efficiency. That is, no Our work explores the electrochemical desalination of
electric charge is invested for those fractions of ions asymmetric hybrid CDI using MXene-CNT paired with
desalinated via interaction with MXene surface terminations. activated carbon for electrochemical desalination of brackish-
Consequently, the system capitalizes on MXene surface and seawater-level NaCl concentrations in aqueous media.
charges and can remove more than one ion per one electron Using Ti;C,T,-MXene as the negative electrode and nano-
charge invested; hence, a charge efficiency of above 100% is porous activated carbon as the positive electrode, stable
obtained. desalination performance for up to 100 cycles has been
3.6. Post-Mortem Analysis of MXene-CNT Electrodes accomplished with desalination capacities up to 12 mg/g and
after Desalination Operation. Post-mortem data of the charge efficiencies over 80%. It was shown that in the case of
26022 https://dx.doi.org/10.1021/acsami.0c05975
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asymmetric configuration permselective behavior is observed
without the use of an ion-exchange membrane. While at 20
mM NaCl, the attained permselectivity of the system’s
response can be rationalized by the selected potential range
(avoiding 0 V), it cannot explain the near-100% charge
efficiency when using 600 mM NaCl. In addition, we see an
excess of the charge efficiency beyond 100% at low molar
strength, which can only be explained by the active role played
by interlayer surface termination of MXene during the
electrochemical desalination cycling. Our data show that at
slightly reduced charge efficiency and desalination capacity
MXene-CNT paired with activated carbon does not require an
ion-exchange membrane for remediation of aqueous 600 mM
NaCl. The omission of the ion-exchange membrane from the
cell components can thus significantly reduce the overall costs
in light of industrial applications.
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Figure S1: Nitrogen gas sorption isotherm of (A) activated carbon, (B) carbon nanotubes, (C)
MXene powder, and (D) MXene/carbon nanotube electrodes recorded at a

temperature of -196 °C. STP: standard temperature and pressure.

Figure S2: Transmission electron micrographs of the carbon nanotubes.
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Figure S5: Potential development of individual electrodes upon charging the MXene/AC cell
to a cell voltage of 1.2 V and discharging to a cell voltage of 0.3 V. (A-B) aqueous
600 mM NaCl; (C-D) agqueous 20 mM NaCl; (A,C) without an anion-exchange
membrane (AEM) placed in front of the activated carbon electrode; (B,D)

experiments with an AEM at the activated carbon electrode.
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Figure S8: Post mortem scanning electron micrographs of MXene-CNT electrodes.
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Time-Dependent Cation Selectivity of Titanium Carbide

MXene in Aqueous Solution

Lei Wang, Mohammad Torkamanzadeh, Ahmad Majed, Yuan Zhang, Qingsong Wang,
Ben Breitung, Guang Feng, Michael Naguib, and Volker Presser*

Electrochemical ion separation is a promising technology to recover valuable
ionic species from water. Pseudocapacitive materials, especially 2D materials,
are up-and-coming electrodes for electrochemical ion separation. For imple-
mentation, it is essential to understand the interplay of the intrinsic prefer-
ence of a specific ion (by charge/size), kinetic ion preference (by mobility),
and crystal structure changes. Ti;C,T, MXene is chosen here to investigate
its selective behavior toward alkali and alkaline earth cations. Utilizing an
online inductively coupled plasma system, it is found that Ti;C,T, shows a
time-dependent selectivity feature. In the early stage of charging (up to about
50 min), K* is preferred, while ultimately Ca?* and Mg?* uptake dominate;
this unique phenomenon is related to dehydration energy barriers and the ion
exchange effect between divalent and monovalent cations. Given the wide
variety of MXenes, this work opens the door to a new avenue where selective
ion-separation with MXene can be further engineered and optimized.

has emerged as a promising alternative
to traditional separation processes due
to its high selectivity metrics and energy
efficiency.”!

Depending on the nature of electroactive
material, the ion immobilization and sepa-
ration process mechanisms are different.
For example, nanoporous carbons immo-
bilize ions via electrosorption. Sub-nanom-
eter pores may cause ion sieving or require
ions to (partially) shed their solvation shell;
this effect enables further tunability of
the ion selectivity.®! Even more confined
sites for ion uptake are found in Faradaic
materials.”) Thereby, processes such as
ion intercalation or other redox processes
enable selectivity toward certain cations or

1. Introduction

lon separation is an essential process to extract valuable metal
from natural waterl!! and achieve sustainable development.?
Most commonly, ion separation is studied through adsorption!’!
or membrane-based sieving processes! and is extended to
organic compounds.P! In addition to seeking reduced cost and
energy consumption approaches, there is also a strong motiva-
tion to explore and implement more sustainable ion separa-
tion technologies.’l Recently, electrochemical ion separation

anions.”!% For example, LiMn,0, provides
facile intercalation into its crystal structure
only for specific ions with matched size and valence, aligning
with intrinsic ion selectivity.'! Other materials like TiS,"? show
potential-dependent (tunable) ion selectivity according to the
hydration energy of ions. This mechanism is linked with the
specific onset potential for ion intercalation (or other redox pro-
cesses), which gives rise to the unique battery-like feature in elec-
trochemical measurements.®l Yet, the ion selectivity of pseudo-
capacitive materials has remained largely unexplored.(

MZXene is a promising, quickly growing, and novel family
of 2D metal carbides or nitrates.’”! The ability to reversibly
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intercalate cations and anions between the MXene-layers(!l

yields a pseudocapacitive response, while the carbide /nitride core
provides rapid charge transport.”l Moreover, the surface
functional groups such as —F, —OH, and —O on the transi-
tion metal atoms formed during the etching process facili-
tate easier cation intercalation.'®! Thereby, MXenes are widely
studied in electrochemical energy storage,'”) water purifica-
tion,?l and sensing,*! among other applications. Regarding
aqueous media, Gao et al. used computational simulations
to study the positionings of the cations within the MXene slit
pores and found that Li*, Na*, and K* display specific adsorp-
tion on the pore surface while Cs* and Mg?* are located in
the pore center.??l Recently, Sun et al. reported that titanium
carbide-based MXene showed selectivity toward Ca?* compared
with Na* and Mg?*.1% The latter work limited its scope to three
cations (Ca’", Mg?*, and Na®) and the influence of the anode on
the selectivity performance of the MXene cathode.

Our work investigates the intercalation process of Ti;C,T, in a
multi-cation aqueous electrolyte and the competition for intrinsic
and time-dependent preferences between different cations. Using
online chemical monitoring with inductively coupled plasma
optical emission spectroscopy (ICP-OES), we find that the Ti;C,T,
exhibits a time-dependent selectivity between Li*, Na*, K*, Ca?*,
and Mg?". At the same time, there is an ion-exchange phenom-
enon between the divalent cations and monovalent cations (except
Li*) during the late ion-intercalation process. The variation of the
crystal structure of Ti;C,T, during the electrochemical process is
explored by in situ X-ray diffraction (XRD).

2. Results and Discussion

The scanning electron images show that Ti;C,T, has common
accordion-like multilayers of MXene (Figure S1A,B, Supporting
Information), implying a successful exfoliation. The MXene-
carbon nanotube (Ti;C,T,-CNT) electrode also shows the same
morphology as the Ti;C,T, powder except that CNTs are distrib-
uted on the surface of Ti;C,T, particle (Figure S2, Supporting
Information). CNTs entangle the MXene flakes and enhance
the electrode’s mechanical stability to avoid MXene loss during
the desalination experiments. The removal of aluminum from the
parent Ti;AlC, MAX phase is confirmed by energy-dispersive
X-ray (EDX) spectra of Ti;C,T, (Figure S3, Supporting Infor-
mation). The XRD patterns (Figure S1C, Supporting Informa-
tion) also confirm the presence of Ti;C,T,-type MXene with
repeating (00]) diffraction peaks. The (002) reflection of Ti;C,T,
splits into two peaks (Figure S1D, Supporting Information), at
6.9° 26 (d-spacing, 1.28 nm) and 8.2° 26 (d-spacing, 1.08 nm).
After heating at 80 °C under vacuum overnight, only one peak
is seen at 8.5° 26 (d-spacing, 1.04 nm), indicating that the split
(002) peak is caused by the residual water in between the layers.
Compared with the powder sample, the Ti;C,T, electrode shows
almost the same (002) peak, demonstrating that the probe ultra-
sonication does not affect the inherent characteristics of Ti;C,T,.

To investigate the ion selectivity of Ti;C,T, electrodes, we
used a low concentration aqueous electrolyte of Li*, Na*, K,
Ca’*, and Mg?', with a concentration of 10 nM for each cation;
and each charging and discharging process of 3 h. As shown in
Figure S4 in the Supporting Information, the potential holding
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of the Ti;C,T, remains below 0 V versus Ag/AgCl, ensuring that
the Ti;C,T, electrode only uptakes cations.?” Figure 1 shows the
cation concentration changes over time in the 2nd, 6th, 10th,
and 17th cycles obtained by subtracting the baseline from the
initial concentration curve. The 14th cycle is shown in Figure S5
in the Supporting Information. The baseline of each cycle is
established by connecting the start and endpoint of each half-
cycle (Figure S6, Supporting Information). During the charging
process, in the beginning, the concentration of all the cations
decreases over time. Moreover, the concentration changes of
these five cations reach the maximum simultaneously, meaning
that the intercalation of these cations is synchronous. This phe-
nomenon is different from obvious dynamics-dependent elec-
trosorption (e.g., monovalent cations are up-taken faster than
divalent cations) in subnanometer pores of carbon materials.®!
The difference is attributed to the flexible interlayer spacing of
Ti;C,T,, which will increase (breathe) as the cations intercalate
into Ti;C,T,.*") The maximum concentration change during
the charging process follows K* > Na* > Ca’* = Mg?* > Li*,
implying that K* is preferred during this process. After around
50 min, the concentration change of monovalent cations is
positive, while that of divalent cations is still negative. This
phenomenon can be explained by ion exchange between mon-
ovalent and divalent cations, which is because Mg?" and Ca?*
carry twice the amount of the charge as Li*, Na*, and K*.[?6]

Having a certain amount of negative electric charge applied
to the MXene electrode, the required number of divalent cat-
ions would be less than (half) that of monovalent cations to
compensate the same electric charge. Therefore, divalent cat-
ions have higher competitiveness for intercalation in a confined
space between Ti;C,T, layers. A similar ion exchange between
monovalent and divalent cations is also observed in the case of
porous carbon electrodes, where ions are stored based on elec-
trical double layers (EDLs). In EDLs, as long as the dilute-theory
works, in the beginning, the majority of ions in the solution
are preferred while subsequently they will be replaced by ions
with higher valence.”’] After the 10th cycle, the cation exchange
between divalent and Li* is very weak, concluded from no net
concentration increase in the course of charging.

Figure 2 shows ion uptake capacities (calculated according
to Equation (1)) versus charging time in different cycles. In
the 2nd cycle (Figure 2A), before around 64 min, the Li*, Na*,
and K ion removal capacities steadily increase, representing
the continuous uptake of these three cations. The maximum
removal capacities are 0.041 mmol g™ for Li¥, 0.083 mmol g
for Na*, and 0.095 mmol g for K*. The removal capaci-
ties decrease from 64 to 180 min, caused by the ion exchange
between monovalent and divalent cations. In contrast to the
behavior of monovalent cations, Mg?" and Ca?* removal capaci-
ties constantly increase before reaching a plateau, with the max-
imum capacity of 0.12 and 0.086 mmol g, respectively. The
selectivity factors, M*/Li* (M = Na*, K*, Ca%", and Mg*"), are
calculated every 10 min (according to Equation (2)), illustrating
the selectivity behavior of Ti;C,T, at different charging times
(Figure 2A). From the studied ions, Li* is least preferred by
Ti;C,T,. Before 90 min of charging, Ti;C,T, preferably uptakes
K* with a maximum selectivity factor of 2.5 (at 30 min), which
will be interpreted by the intercalation process of the cations
later herein. After 90 min, Mngr dominates and reaches the
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Figure 1. The concentration changes of Li*, Na*, K*, Ca%*, and Mg?* during the A) 2nd, B) 6th, C) 10th, and D) 17th cycle with a flow rate of 1.1 mL min~".

highest selectivity factor of 3.9 at 180 min, attributed to the ion
exchange between monovalent and divalent cations.

To investigate the material structural changes during the
electrochemical process, we conducted in situ XRD measure-
ments. This was done in a coin cell instead of the desalination
flow cell while using the same electrolyte and same mass ratio
between cathode and anode. The (002) peak shift is illustrated
for five X-ray diffractograms for each charging/discharging pro-
cess (Figure S7, Supporting Information). Without an external
circuit, the intercalation distance (the distance between two
Ti atoms) is about 0.57 nm (without considering any surface
functional groups), calculated by subtracting the theoretical
thickness of the MX-layer (Ti-C-Ti-C-Ti)/?® from the d-spacing
obtained from XRD measurement (Figure S8, Supporting
Information). This value is slightly larger than that of the pris-
tine Ti;C,T, electrode (0.51 nm). The intercalation distance of
the electrode soaked in deionized water (0.51 nm) suggests
that the water and cations cannot spontaneously co-intercalate
into the hydrofluoric acid (HF)-etched Ti;C,T,, in agreement
with the previous study.?’! After charging, the (002) reflection
shifts to 5.78° 26, corresponding to a d-spacing of 1.53 nm, that
is, 1.05 nm of intercalation distance (Figure 4A). Considering
that the initial intercalation distance is less than the smallest
hydrated diameters of these five cations in the bulk water (K*,
0.662 nm; Figure S9, Supporting Information), all cations
must (partially) dehydrate to intercalate into the Ti;C,T, layers.
The dehydration energy (normalized by the charge) of K* is
the lowest while that of Li* is the highest.ml As a result, K* is

Ady. Sustainable Syst. 2022, 6, 2100383 2100383 (3 of 8)

most preferred, whereas Li* is least preferred in the beginning.
However, in the late charging stages, Mg?" is most preferred
instead of K¥, and Ca’* becomes the second preferred cation
(Figure 3A) due to the ion exchange effect.

The other cycles resemble the 2nd cycle and the difference
lies only in the slightly different magnitude of removal capaci-
ties (Figure 2B-D; Figure S5B, Supporting Information). How-
ever, selectivity factors exhibit different trends from the 10th
cycle. In the 2nd and 6th cycle, the selectivity factors of K*/Li*
and Na*/Li* decrease gradually over time (Figure 3A,B), while
from the 10th cycle, they drop steeply from 50 min (charging
time); and at the end of the charging period, the amount of
removed Na* and K" ions is less than that of Li* (Figure 3C,D
and Figure S5C, Supporting Information). For example, the
selectivity factors of K*/Li* and Na*/Li* at 180 min in the 14th
cycle are 0.7 and 0.5, respectively. This indicates that Li* barely
participates in the ion exchange after the 10th cycle. Addition-
ally, the maximal selectivity factors of Na*, K*, Ca®*, and Mg?*
all decrease from the 6th cycle to the 17th cycle. This may be
due to the growth of amorphous TiO, on the surface of Ti;C,T,
(Figure S10, Supporting Information), which has a lower Li dif-
fusion barrier.*%

In situ XRD (Figure 4) indicates that from the 10th cycle,
one more (002) reflection appears at about 6.5° 26 (d-spacing,
~1.34 nm) apart from that initially at =5.8° 26 (corresponding to
a d-spacing of 1.53 nm). In the 6th cycle, (002) at 6.5° 20 already
appears with low intensity and broad shape. Among the two
latter layer spacings, 1.53 nm is a value similar to the reported
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Figure 2. The ion removal capacity of Li*, Na*, K*, Ca?*, and Mg?* during the A) 2nd, B) 6th, C) 10th, and D) 17th cycle with a flow rate of 1.1 mL min~".

results of kosmotropic cations (Li*, Na*, Mgz*, and Ca?')
intercalated Ti;C,T, at high relative humidity. In comparison,
1.34 nm is a value close to chaotropic cations found for K*-inter-
calated Ti;C,T, at high relative humidity.?”! This indicates that
the kosmotropic cations dictate the d-spacing of Ti;C,T, in the
2nd cycle. The second reflection, occurring after the 10th cycle,
may result from partially desolvated, kosmotropic cations inter-
calating Ti;C,T,.?Y This may relate to changes in the surface
functional groups. In addition, during charging, the reflection
shifts toward larger diffraction angles. The associated shrinkage
of the d-spacing may be related to decreased electrostatic
repulsions between negatively charged Ti;C,T, sheets due to
cation intercalation.’?) During discharging, the Ti;C,T, sheets
expand. While shrinking lasts over the whole charging process
(180 min), the expansion is observed only for about an initial
45 min into the discharge process. This can be explained by
continued cation intercalation during the whole charging time,
caused by the ion exchange. Whereas, there is almost no cation
deintercalation after about 45 min during the discharging pro-
cess (Figure 4B-E).

We additionally studied the selective behavior of Ti;C,T, at
a higher flow rate of feed water. In case of a flow rate double
as much as before, the ion exchange phenomenon still occurs.
However, before the ion exchange occurs, the removal capaci-
ties of Ca?" and Mg?* are much higher (Figures S11 and S12,
Supporting Information), signaling that the divalent cations are
more preferred at a higher flow rate. This is because the higher
flow rate reduces the residence time that each cation in the feed
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water spends near the electrode surface. As a result, divalent
ions, with a higher charge and diffusion rate in the electro-
lyte,1?* enter the electrodes more readily than monovalent ones.

Development of a selective separation system, such as the
one introduced in the present study, is well in alignment with
UN’s Sustainable Development Goals (SDGs) on a number of
different levels. Such a system can specifically remove unde-
sired ions (for example, ions responsible for scaling/fouling
such as Ca?") or recover valuable ions like Li* from industrial
wastewater or seawater. Recovery of lithium, particularly, is of
great economical interest for the decades to come, as it serves
as a key element in construction of Li-ion batteries for electric
vehicles and portable electronics. As such, we can envision that
the findings presented in this work can contribute to SDGs
number 2, 6, 9, and 11-15, encompassing: sustainable manage-
ment of water and industrialization, sustainable consumption
and production patterns, climate change mitigation, sustain-
able use of the oceans and terrestrial ecosystems, sustainable
agriculture, and the development of sustainable cities and
human settlements.

3. Conclusions

In summary, our work investigates the selectivity of Ti;C,T,
toward common alkali and alkaline earth cations. By online
monitoring via ICP, we find that the ion-selective behavior of
Ti;C,T, depends on the charging time. In the early charging

© 2022 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH
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Figure 3. The selectivity factor versus Li* of Na*, K*, Ca**, and Mg?* during the A) 2nd, B) 6th, C) 10th, and D) 17th cycle with a flow rate of 1.1 mL min~".

stages (before about 50 min), benefiting from the least dehydra-
tion energy, K* is preferred, with the maximum selectivity factor
of 2.5 £ 0.2. Subsequently (70-90 min), due to the ion exchange
effect between monovalent and divalent cations, the removal
capacities of Ca*" and Mg?* (highest value about 0.12 mmol g™')
increase and exceed that of K' at the end of charging time.
Meanwhile, fewer Na* and K* compared with Li* are immobi-
lized in Ti;C,T, (from the 10th cycle). In situ XRD data shows a
symmetric (002) reflection of Ti;C,T, in the 2nd cycle. In con-
trast, after the 10th cycle, the asymmetry of the (002) reflection
aligns with the emergence of two individual and overlapping
peaks associated with the coexistence of cations with a different
coordination number of water molecules. This could be an
interesting preprocessing step for lithium recovery techniques.
Meanwhile, we see potential to extend this approach to other
MXene types and other ionic systems such as trivalent cations
or metal-organic complexes.

4. Experimental Section

Materials and Material Synthesis: The parent Ti;AlC, MAX phase
was synthesized by mixing titanium (Ti, —=325 mesh, 99%, Alfa Aesar),
aluminum (Al, =325 mesh, 99.5%, Alfa Aesar), and graphite (C, 7-11 um,
99%, Alfa Aesar) with atomic ratio of Ti:Al:C = 3:1.2:1.88 in a Turbula T2F
mixer for 3 h using zirconia balls, followed by sintering inside a Sentro
Tech induction furnace (STT-1700C-2.5-12, SN: 1052217) an alumina
tube at 1600 °C for 2 h. A heating rate of 10 °C min™' was used to reach
the maximum temperature. After the holding time, the sample was left
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to cool to room temperature. The sintering process was done under
flowing argon.

To prepare TisC,T,, TisAlC, was ground to less than 45 um and slowly
added to 10 mass% aqueous HF (Acros Organics, 47-51 mass%). For
each 1 g of MAX powder, 10 mL of the acidic solution was used. The
mixture was stirred at 27 °C for 24 h. To remove HF and other unwanted
products, the mixture was divided equally and distributed to 50 mL
centrifuge tubes to have 0.5 g of MAX phase per tube. Deionized (DI)
water was added to fill up the tubes to 50 mL. The tubes were centrifuged
at 3500 rpm for 5 min to sediment the powders, the supernatant
was discarded as hazardous waste. DI water was then added and the
sediment was fully redispersed using a vortex machine. The washing
step was repeated several times until a pH > 6 was obtained. At that
point, the powders were collected and dried using vacuum-assisted
filtration at room temperature overnight.

Electrode Preparation: Activated carbon (YP-80F, Kuraray) was mixed
with polytetrafluoroethylene binder (60 mass% solution in water from
Sigma-Aldrich) in 95:5 carbon: binder mass ratio. After adding ethanol,
a sticky paste was obtained, which was subsequently cold-rolled (MTI
HRO1, MTI Corp.) to give 600 um thick free-standing films and then
dried in a vacuum oven at 120 °C overnight. These activated carbon film
electrodes are labeled AC herein.

To fabricate MXene electrodes, Ti;C,T, was first mixed with
multiwalled CNT (Graphene Supermarket) with a 90:10 MXene:CNT
mass ratio. Then the mixture was stirred while being tip-sonicated
in ethanol in an ice bath for 30 min using BRANSON Sonifier 450
(maximum power of 400 W) with 30% duty cycle and 30% power.
The dispersed MXene-CNT in ethanol mixture was then vacuum
filtered through polyvinylidene fluoride (PVDF) membranes (0.22 um,
Durapore), followed by excessive DI water filtration to remove residual
salts or acids from the synthesis steps. The electrodes were then dried in
a vacuum oven at 80 °C overnight.
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Electrochemical lon Separation Experiments: The electrochemical ion
separation experiments were performed in a single-pass channel cell.
Following the vacuum filtration of Ti;C,T, material (with 10 mass%
CNT), a 30 mm diameter electrode (around 120 mg mass loading,
17 mg cm™, on a 30 mm diameter PVDF support) was punched and
used as the working electrode. As the counter electrode, free-standing
AC films were used, whose mass was adjusted according to the MXene
electrode, as described in the previous work.?!l Based on the half-cell
cyclic voltammograms of the Ti;C,T, electrode (Figure S13, Supporting
Information), Ti;C,T,:AC mass ratio of 1:1.7 was maintained for all full-
cell experiments throughout this study. The Ti;C,T, and AC electrodes
were separated by a central water channel filled with a glass fiber
mat (GF/A, Whatman). A Ag/AgCl reference electrode was used as a
spectator to measure the potential of the electrodes individually.

To prepare the electrolyte, LiCl, NaCl, KCl, CaCl,, and MgCl, salts
(Sigma-Aldrich) were dissolved in DI water. A 10 L tank containing Li",
Na*, K*, Ca?*, and MgZJr with 10 mm concentration for each cation was
used as the electrolyte reservoir. The reservoir was constantly flushed
with nitrogen gas throughout the experiment to remove the oxygen from
the solution to prolong the life of Ti;C,T, electrode, as was done in the
previous work.[?433l Before the cell undergoes charging or discharging,
the cell rested overnight to eliminate the influence of adsorption. The
cell was charged and discharged with a constant specific current of
0.1A g The upper voltage limit was set to 1.2 V, where the voltage was
held for 3 h, and the lower voltage limit was 0.3 V, where the voltage was
held for 3 h.

The cell was operated for 20 cycles; each cycle consists out of a
charging and discharging process. The outlet of the middle water
channel was connected to an ICP-OES (ARCOS FHX22, SPECTRO
Analytical Instruments) through a peristaltic pump (at the flow rate
of 1.1 mL min™), where the changes of the ions’ concentration were
recorded online. The extracted solution fed into the ICP-OES system
was consumed by the measurement. The measured intensity of the
ICP-OES signal was transformed into the concentration according to
the calibrated intensity-concentration curves. Finally, the cation removal
capacity (mmol g™") was calculated according to Equation (1), and
selectivity factors for lithium were calculated following Equation (2).

s v
Removal capacity (mmol /g ectrode ) = 1000 T J Acdt m
where v is the flow rate (mL min™"), m is the mass of Ti;C,T, electrode,
t is the selected time of the cation uptake step (min), and Ac is the
concentration change of the cations (mm).

Removal capacity of a certain cation
Removal capacity of lithiumions

Selectivity factor =

@

Material Characterization: XRD analysis was conducted using a D8
Discover diffractometer (Bruker AXS) with a copper X-ray source (40 kV,
40 mA) and a 1D detector. Scanning electron microscopy (SEM) images
were obtained using ZEISS (Gemini 500) at acceleration voltages of 1-3 kV.
EDX spectroscopy was carried out at 15 kV with X-Max Silicon Detector
from Oxford Instruments attached as a column to the SEM instrument.
The EDX spectra were recorded and analyzed via AZtec software.

In Situ X-Ray Diffraction: In situ XRD measurements were carried
out using a customized CR2032 coin cell with Kapton windows on
STOE Stadi P diffractometer equipped with a Ga-jet X-ray source (Ga-
Kp radiation, A = 1.20793 A). The XRD patterns were collected in the
transmission mode in the range of 20 from 3.5° to 10.3°, with a step of
0.04° 26 and 5 s per step with the equivalent counting time of around
15 min. A 13 mm diameter Ti;C,T, electrode with the mass loading of
8.5 mg cm™ was used for the electrochemical testing to ensure the
successful collection of the XRD diffraction signal. The mass ratio
between Ti;C,T, electrode (cathode) and AC electrodes (anode) is
also 1.7, the same as in the ICP experiments. The same charging and
discharging processes as the above-mentioned electrochemical ion
separation experiments were performed via potentiostat/galvanostat

Ady. Sustainable Syst. 2022, 6, 2100383 2100383 (7 of 8)
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(SP-150, BioLogic). The resulted patterns were converted based on the
wavelength of Cu-K,, for easier comparison with the literature and ex situ
XRD results.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1:  (A-B) Scanning electron micrographs of TisC,T,. (C-D) X-ray diffractograms of TizC,T,, dried

Ti3C,T,, and the Ti3C,T,-CNT electrode.

Figure S2: Scanning electron micrographs of the TisC,T, electrode.
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Figure S3: Energy-dispersive X-ray (EDX) spectrum of TisC,T,.
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Layered Nano-Mosaic of Niobium Disulfide Heterostructures
by Direct Sulfidation of Niobium Carbide MXenes

for Hydrogen Evolution

Samantha Husmann, Mohammad Torkamanzadeh, Kun Liang, Ahmad Majed,
Chaochao Dun, Jeffrey | Urban, Michael Naguib,* and Volker Presser*

1. Introduction

MXene-transition metal dichalcogenide (TMD) heterostructures are synthe-

sized through a one-step heat treatment of Nb,C and Nb,C;. These MXenes
are used without delamination or any pre-treatment. Heat treatments accom-
plish the sacrificial transformation of these MXenes into TMD (NbS,) at 700
and 900 °C under H,S. This work investigates, for the first time, the role of
starting MXene phase in the derivative morphology. It is shown that while
treatment of Nb,C at 700 °C leads to the formation of pillar-like structures

on the parent MXene, Nb,C; produces nano-mosaic layered NbS,. At 900 °C,
both MXene phases, of the same transition metal, fully convert into nano-
mosaic layered NbS, preserving the parent MXene’s layered morphology.
When tested as electrodes for hydrogen evolution reaction, Nb,C;-derived
hybrids show better performance than Nb,C derivatives. The Nb,C;-derived
heterostructure exhibits a low overpotential of 198 mV at 10 mA cm=2 and a
Tafel slope of 122 mV dec™, with good cycling stability in an acidic electrolyte.
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MAX phases, such as Ti;AlC,, are nano-
lamellar structures generally comprising
an early transition metal element (M),
a group 13-15 element (A), and carbon
and/or nitrogen (X) with a composition
of M,,;AX,, where n can be 1-4. As the
metallic bond between M-A is weaker than
the mixed ionic-metallic-covalent bond
between M-X, elements at the A-site (e.g.,
Al) can be selectively removed to result in
layered MX structures (e.g., Ti3C,),ll named
MXenes.Pl The typical HF acid etching in
an aqueous environment converts MAX
into MXene while rendering MXene sur-
faces terminated with -O, -OH, and -F
functionalities.!! Since their discovery in
2011,”) MXene has so far found a plethora
of wide-ranging applications such as in energy storage devices,?!
electrocatalysis,®”) sensing,®l and environmental remediation.”)
Each of these applications capitalizes on a specific combination
of unique properties offered by MXenes: a layered 2D structure
that can accommodate ions, % an excellent electrical conductivity
(a conductivity up to 24 10> S cm™ was measured for Ti;C,),"
a hydrophilic nature (depending on the surface terminations),?!
and rich electrochemically active sites,”l among others.

Shortly after their discovery, research efforts have been made
to modify MXenes further to improve their performances.'?
For instance, alternative etching methods,™*! such as HCI/LiF
mixtures, NH,HF,,® molten salt etching,'® and alkali
etching!"”! have been proposed to favorably alter the surface ter-
minations,™ interlayer spacings,'® electronic," and electro-
chemical® properties of MXene. In contrast to techniques such
as layer-by-layer self-assembly!?!l or pillaring!?*?% of the MXene
sheets where organic molecules need to be present during syn-
thesis, one-step modification methods often offer simplicity and
more significant potential for industrial-scale applications. The
first report on the latter approach was the one-step conversion
of Ti3C, into TiO,-C hybrids by oxidation of the MXene precur-
sors in air, CO,, or hydrothermally.”3! The oxidation conditions
in CO, can be adjusted so that MXene is only partially converted
to achieve ternary heterostructures such as Nb,C-C-Nb,Os,
resulting in significantly enhanced electrochemical®! and pho-
tocatalytic!®! performances compared to the parent Nb,C. These
hierarchical heterostructures benefit from synergistic effects
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of a conductive carbon/MXene network, a layered 2D MXene
structure, and a transition metal oxide semiconductor, that is,
making them electrochemically and/or catalytically active.

Recently, hybrids of MXene-transition metal sulfides have
gained growing attention.?l Examples include Ti;C,-MoS,
hybrids fabricated either by chemical synthesis of MoS, in the
presence of Ti;C, MXenel??8 or by physical admixing of the
two.??l MoS, is one of the transition metal dichalcogenides
(TMDs) class of 2D materials.*” TMDs find extensive applica-
tion in energy storage,’!l electrochemical desalination,*? and
electrocatalysis.>*l However, most TMDs suffer from low elec-
trical conductivity and unfavorable strains during charge/dis-
charge.*¥ This translates to limited electron mobility to active
sites and low stability upon cycling in electrocatalysis. Further-
more, a general problem of 2D structures is the reduced cata-
lytic activity of the basal plane. Heterostructure engineering
can significantly boost the catalytic properties of TMDs by
improving conductivity, increasing edge terminations, acti-
vating the basal plane, or creating defects.?’] Therefore, hetero-
structures obtained by integrating TMDs and MXenes benefit
from the latter’s metallic conductivity, resulting in a more effi-
cient charge transfer. This is shown by a six-fold enhancement
of the hydrogen evolution reaction (HER) activity of Ti3C)-MoS,
hybrid compared with sole MoS, and a much larger enhance-
ment than that of sole Ti;C,.” Nevertheless, the enhance-
ment of the TMD-heterostructure properties is directly related
to the interface quality of the heterojunction and minimization
of Fermi level pinning.?l A high hybridization degree can be
achieved by converting or templating one of the heterostructure
components into the other through atomic-scale transforma-
tion. MXene templating is still mostly limited to metal oxides.>®!

The direct conversion of MXene into TMD via in situ
thermal sulfidation was so far explored to produce MXene-
TMD heterostructures of Mo,TiC,-MoS,,?”) Mo,C-MoS,,1*® and
Ti;C,-TiS,,3% out of their parent delaminated MXenes. These
MXene-derived TMDs are distributed in a unique sandwich-
like fashion in the matrix of parent MXene. This morphology
is accessible to electrolytes allowing for fast charge transfer.
The intimate contact between the two phases provides strong
adhesion and a nanohybrid interfacel®®l that is otherwise not
achieved through TMD precursors’ growth on MXene via other
routes exemplified earlier. A variety of (mixed metal) MXenes
remain unexplored as the precursor for TMD fabrication. Fur-
thermore, no study has been done comparing the effect of dif-
ferent MXene phases (e.g., with different n, such as comparing
MXene with n = 1 to that of n = 3), of the same transition metal,
on the resulting derivative of any kind.

The present study thus investigates the one-step thermal
sulfidation technique for fabricating two niobium MXene-TMD
heterostructures, namely Nb,C-NbS, and Nb,C;-NbS,. Unlike
other previous reports on MXene sulfidation, no delamination,
pre-treatment with sulfur,?”38 or modification with carbonl3%
were employed. The degree of the MXene-to-TMD conversion
is shown to depend on the sulfidation temperature and dura-
tion, whereby hybrids of MXene-NbS, or only NbS, structures
could be conveniently obtained. The side-by-side comparison
of structures derived from Nb,C and Nb,C; MXenes reveals
that each MXene undergoes unique conversion mechanisms,
resulting in NbS, with different nano-morphologies, such as
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pillars or mosaics. These heterostructures are further examined
as electrocatalysts for HER.

2. Results and Discussion

The most common method of performing thermal sulfidation
of different materials is by i) mixing the precursor with sulfur
powder/sulfur salt,*) which will likely react at higher temper-
atures or ii) placing sulfur powder upstream of the furnace,
which in the form of vapor, upon heating, is carried to the main
part of the furnace, where the precursor is located. H, gas is
often combined to form H,S and facilitate the transfer.*!! These
methods are limited by the amount of sulfur initially placed in
the system and its evaporation rate. Above about 450 °C, sulfur
quickly reacts with H,, leading to a large amount of released
H,S in the first few minutes of the treatment, which quickly
decreases due to sulfur depletion, leading to a nonuniform feed
rate of H,S during treatment.*?l Direct use of H,S gas, on the
other hand, allows a constant flow and sulfur-source feed rate,
providing more control over the sulfidation process, especially
for longer treatment times (Figures S1 and S2, Supporting
Information). Nb,C; was treated by two different methods
to verify this effect: directly using H,S gas or reacting sulfur
powder with H, upstream of the tube furnace. Figure 1A and
Figure S3, Supporting Information, show the X-ray diffracto-
grams of Nb,C; thermally treated with H,S and H,/S methods,
respectively.

At 600 °C, no significant sulfidation is observed in either
system, with only a broadening of MXene peaks. At 700 °C, a
clear difference appears between the two methods. The sample
treated with H,S still shows the main features of MXene even
at prolonged times (Nb,C;-H,S700-60") with a pronounced
broadening of the peaks. The (002) peak from MXene also
shifts toward higher 26 degree (Table 1), from 5.93° 260 (Nb,C;)
to 7.10° 26 (Nb,C3-H,S600-10"), and 718° 26 (Nb,C;-H,S700-10"),
indicating a decrease in the interlayer spacing between the
MXene sheets. This change was already detected even when
sulfidation did not occur (Figure S3, Supporting Information)
at 500 and 600 °C, which can be explained by the removal of
interlayer water and other etching products.®! In the H,/S
setup, the sample clearly shows conversion to NbS, matching
the trigonal structure (PDF 89-3041), with no remaining peaks
of the parent MXene when treated at 700 °C. The sharp differ-
ences between the two systems can be attributed to the amount
of H,S (and ultimately S) provided by each setup in the same
time range (as qualitatively represented in Figure S2B, Sup-
porting Information). This becomes obvious when the tem-
perature increases to 900 °C, where the sample in H,/S shows
mainly NbS, features within 10 min, while in H,S, evidence of
remaining Nb,Cs is seen even after 60 min treatment.

The faster conversion rate in the H,/S system can also be
verified by the sulfur content obtained by energy-dispersive
X-ray (EDX) analysis (Table S1, Supporting Information). The
chemical composition obtained by EDX analysis corroborates
the X-ray diffraction (XRD) data. The sulfur contents obtained
by EDX analysis are cross-examined with CHNS elemental
analysis, and the values are in close agreement with each other.
No sulfur is detected below 600 °C while it reaches 31 at% when
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Figure 1. X-ray diffraction (XRD) patterns for the treatment in H,S with A) Nb,C; and B) Nb,C. The elemental values of sulfur were derived from

energy-dispersive X-ray spectroscopy (EDX).

treated at 900 °C for 60 min. These changes are accompanied
by decreased oxygen content and complete fluorine removal
(probed via EDX) with increasing treatment temperature and
time, confirming the (partial) removal of terminal functional
groups from the MXene surface. The similar composition of
Nb,C3-S900-10" and Nb,C;-S900-60" indicates that in this setup,
complete conversion is already achieved in 10 min.

The H,/S setup leads to faster conversion of the material.
Hence, the partial conversion of the MXene becomes chal-
lenging. Partial conversion is highly desirable since a combi-
nation of the properties of the derived material and the parent
MZXene can be achieved, for example, the redox activity of metal
oxides with the conductivity of MXene.[* Besides, the fast con-
version with the H,/S method leads to heterogeneous reactions
and the formation of coarsened particles spread within the orig-
inal layered structure, as observed in scanning electron micro-
graphs (Figure S4, Supporting Information). That considered,
the Nb,C phase was only treated with the H,S system.

Table 1. MXene (002) peak position and ratio of (003)-NbS,/(002)-
MXene peak area.

Sample (002)-MXene [° 26] Asulfide/ Amxene
Nb,C 7.27 0
Nb,C-H,5700-10° 10.47 0.49
Nb,C-H,5700-60" 10.02 118
Nb,C-H,5900-60" — —
Nb,C; 5.93 0
Nb,Cs-H,5600-10" 7.10 0.16
Nb,C3-H,5700-10" 7.18 0.20
Nb,C3-H,5700-60 6.39/7.16 0.62
Nb,Cs-H,5900-60" —

Nb,C3-5700-10° — -
Adv. Mater. Interfaces 2022, 9, 2102185 2102185 (3 of 10)

For Nb,C, a similar change in composition occurs, ultimately
leading to tetragonal NbS; at 900 °C in 60 min (Figure 1B). In
this case, the transition seems to occur faster than in Nb,Cs, as
observed by comparing the percentage of sulfide incorporated
(Table S2, Supporting Information) and the Agjgde/Anvixene ratio
(Table 1) in the different treatment conditions between the two
MXene phases. This could be explained by the slightly larger
surface area of the Nb,C-MXene than Nb,C;-MXene (Figure S5,
Supporting Information), which enhances the exposure to
the H,S, facilitating the conversion process. Similar to Nb,C;,
Nb,C patterns also presented a shift of (002) peaks to higher
angles after the heat treatments (Table 1).

Furthermore, the samples treated at 700 °C show reflec-
tions corresponding to Nb,Os in addition to Nb,C and NDbS,.
The Nb,O5 formation in the case of Nb,C precursor can be
explained by the higher atomic O/Nb ratio in Nb,C compared
to Nb,C; (1.47 compared to 0.60, respectively; Tables S1 and S2,
Supporting Information). During heat treatment, the large
amount of oxygen promotes Nb oxidation in Nb,C, as not all
functionalities are lost at 700 °C.1*!

The Nb,Os reflections remain even when the treatment is
extended to 60 min at 700 °C (Figure 1B), indicating that the
oxide neither decomposes nor is further converted during the
treatment with H,S. Once Nb,Os is formed, its sulfidation
is thermodynamically unfavored at 700 °C, requiring higher
temperatures than Nb,C to form NbS,.*! This can explain
the absent Nb,Os signal in the Nb,C-H,S900-60" sample: the
higher temperature efficiently removes surface functionalities.
Besides, H,S decomposition is favored above 900 °C, leading to
a more significant amount of H, that helps to reduce oxygen-
ated groups./*?l

In the case of the sample Nb,C-H,S700-10°, in addition
to the formation of NbS, and Nb,Os, a pronounced reflec-
tion also appears at 20 = 41.5° (Figure 1B). Although the
latter reflection could not be assigned to a certain phase, it
may originate from cubic NbC and other niobium sulfide
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species such as NbjoS. The rather short exposure time to
H,S (10 min) can explain the formation of the latter sulfur-
deficient niobium sulfide stoichiometry.

The scanning electron microscopy (SEM) images presented
in Figure 2 and Figure S6, Supporting Information, show the
morphology of the materials before and after different sulfida-
tion conditions. The original layered MXene structure is still
observed for all samples, and the flake particles remain essen-
tially of the same size. For treatments at 900 °C, such layers

3

e N
:
500m. & &

Nb,C,-H,5700-60"
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are mainly composed of hexagonal and trigonal nano-mosaics,
characteristic of NbS, morphology. The gradual development of
morphologies seen at 700 °C further leads to the morphologies
seen at 900 °C (Figure 2B-D). At certain particles (Figure 2B),
hexagons appear at the edge plane, with a higher surface and
exposure to H,S gas. The same features are also seen at places
where the layer-opening is more pronounced. Such morpholo-
gies are very different from the samples treated in the H,/S
setup (Figure S4, Supporting Information). Large rhombohedral

Nb,C-H,5700-10’

Normalized intensity [ S—

05 10 15 20 25 30
Energy (keV)

4 Nb,C-H,5700-60’

Figure 2. Scanning electron micrographs of A) Nb,C;, B) Nb,C3-H,5700-10", C) Nb,C;-H,5700-60", D) Nb,C;-H,5900-60’, E) Nb,C, F) Nb,C-H,S700-10",
G) Nb,C-H,5700-60", and H,K) Nb,C-H,5900-60". Transmission electron micrographs of 1) Nb,C-H,S700-10" and L) Nb,C-H,S900-60". |) Elemental
composition via energy-dispersive X-ray spectroscopy of the assigned points in image ().
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particles appear on top and grow from the layers, resulting in a
much more heterogeneous material.

A strikingly different feature occurs in the Nb,C treated
at 700 °C (Figure 2F; Figure S6D-F, Supporting Informa-
tion). Several pillars growing mainly from the basal plane are
observed throughout the whole material. Such pillars occur
between smaller layers and grow considerably at the external
surface, up to 1 pm. When the reaction time is increased from
10 min (Nb,C-H,S700-10") to 60 min (Nb,C-H,S700-60’), the pil-
lars seem to increase in quantity. At 900 °C (Nb,C-H,S900-60"),
however, there are no signs of such morphology, indicating that
such structures are decomposed at higher temperatures.

To further investigate these morphologies, transmission
electron microscopy (TEM) images were acquired (Figure 21,L;
Figure S7, Supporting Information). In Nb,C-H,S900-60’, the
layers composed of prismatic NbS, nano-mosaics are nicely
seen. The lattice spacing of 0.285 nm matches the (101) plane
of NbS, also observed in XRD. The same structures occur
for the Nb,C; sample treated under the same conditions. For
Nb,C-H,S700-10’, the pillars previously seen in SEM appear
together with the layered material. The pillars seem to grow
parallel to the basal plane in many regions, protruding from in-
between the layers. The lattice spacing of the pillars is =0.388,
0.314, and 0.250 nm, which matches the (001), (100), and (101)
reflections of Nb,Os, respectively. The base from where the
pillars grow also shows organized spacing with =0.62 and
0.285 nm, matching the (003) and (101) reflections of NbS,,
respectively. While other characterizations indicate the pres-
ence of residual MXene in this sample, it was not possible to
identify characteristic spacings of Nb,C in this sample. Possibly
the remaining MXene occurs at the inner layers of the material,
which cannot be identified in TEM as only the edges and par-
tially delaminated layers can be analyzed. Nevertheless, in the
Nb,C;-H,S700-10" sample, spacing corresponding to the (002)
plane of Nb,C; can be more easily found (Figure S7A, Sup-
porting Information), confirming the partial conversion already
observed in XRD.

EDX spectra also confirmed the composition (Figure 2J):
While the layered particles are mainly composed of Nb and S,
the pillars show the presence of Nb and O. Al appears at the
far end/top of most of these structures, which could be part of
the pillar growing mechanism acting as a catalyst. The evidence
that the pillars observed in the Nb,C samples treated at 700 °C
are composed of Nb,Os also aligns with XRD data (Figure 1B),
since neither the pillars nor Nb,Os peaks are seen in
Nb,C-H,S900-60". To understand the decomposition mecha-
nism of such pillars, Nb,C was heat-treated only in an inert
atmosphere (Argon) up to 900 °C. In this condition, NbO, is
observed (Figure S8, Supporting Information). This indicates
that the oxide pillars were reduced upon temperature increase
and only further reduced/converted during the sulfidation pro-
cess with the introduction of H,S, leading to the absence of pil-
lars or oxide in the Nb,C-H,S900-60" sample.

Raman spectra of Nb,C; and Nb,C treated with H,S are
presented in Figure S9, Supporting Information. Before the
treatment, Nb-C modes appear below 300 cm™, corresponding
to Ay, out-of-plane vibration (@; =260 cm™) and E, in-plane
oscillations (@, =180 c¢m™).*) The functional terminations
(Nb-F, Nb-O, Nb-OH) appear at 450-800 cm™.*¥) Compared
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to Nb,C;, Nb,C bands present a shift toward higher frequen-
cies as M,,,;X,-O tend to be stronger with the decrease of n. ¥
The difference in the Nb-O bond strength could be one of the
factors that lead to the growth of Nb,Os pillars in Nb,C and
their absence in Nb,C;. These modes gradually disappear with
increasing temperature and time as this bonding is broken to
form NDbS,. This transition is more abrupt in Nb,C as previ-
ously discussed that this phase has a faster conversion. With the
treatment, typical modes of 2H-NbS, emerge at 386 cm™ (A)),
322 cm™ (E,), and 153 cm™ (defects).*” Carbon modes are also
present between 1200 cm™ and 1700 cm™. The band at lower
wavenumber (<1350 cm™) is defined as the D-band. It is associ-
ated with disordered amorphous sp* carbon, while the G-band
at =1600 cm™ is characteristic of graphitic sp? carbon mode.”!
For Nb,Cs, C modes initially increase with treatment, as free C
is formed while niobium is sulfidized.”? The broadness of the
D-band is further decreased when the temperature rises to 900 °C,
with a D-mode and G-mode typical of defective graphitic carbon
formed at higher temperatures. Even at high temperatures, the
presence of carbon modes suggests a hybrid structure between
NbS,;, carbon, and possibly residual MXene. Conversely, carbon
modes disappear upon treatment of Nb,C. The less shielding of
niobium layers and the single carbon layer possessed by the 211
MAX-phase leads to less protection of the carbon atoms and fur-
ther decomposition.

To understand the surface chemistry of Nb,C; before and
after sulfidation and the nature of Nb at the surface, X-Ray
photoelectron spectroscopy (XPS) was studied for both Nb,C;
(Figure 3A,C; Figure S10A,C, Supporting information) and
Nb,C;-S900-60" (Figure 3B,D; Figure S10B,D, Supporting
information). The data of both samples were calibrated using
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Figure 3. X-ray photoelectron spectra of C 1s for A) Nb,C;, and B) Nb,Cs-
$900-60", and Nb 3d for C) Nb,C; and D) Nb,C;-5900-60".
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adventitious carbon (C-C/C-H at 284.8 eV). For the Nb,C;
sample, Figure 3A shows the C 1Is spectrum where the peak
at 282.7 eV can be assigned to C-Nb in MXene.F3! Figure 3C
shows the Nb 3d spectrum of Nb,C; where the doublet peaks
at 203.8 and 206.6 eV are assigned to Nb-C in Nb,C; MXene.
The doublets found at higher binding energies are assigned
to Nb-O of different oxidation states.l”® For Nb,C;-S900-60"
sample, Figure 3B shows the C 1s spectrum where the C-Nb
was not observed, which could be attributed to the NbS,
nanomosaic layer formation upon sulfidation. For the Nb 3d
spectrum of Nb,C;-S900-60" in Figure 3D, it is impossible to
differentiate between Nb,C; and NbS, as the Nb-S and Nb-C
doublet peaks binding energies are too close to be distin-
guished from each other. Previous literature of Nb-S doublets
were found at (203.4 + 0.2 eV and 206.1 £ 0.2 eV) for 3R-NbS,
and (204.0 £ 0.2 eV and 206.7 + 0.2 eV) for 2H (or 1H) NbS,.l>4
Since the C-Nb peak was not observed in the C 1s spectrum
of the Nb,C;-S900-60" surface, it is reasonable to assume that
the Nb 3d spectrum does not include the Nb-C doublet. There-
fore, we were able to assign (203.4 and 206.1 eV) to Nb™-S in
3R-NDS, and (203.8 and 206.5 eV) to Nb**-S in 2H-NbS,.>*

We also studied the C 1s and Nb 3d spectra (Figure S10A,B,
Supporting information) for both samples after sputtering to
study the sub-surface chemistry. The C-Nb peak in C 1s spectrum
relatively increased in Nb,C; (Figure S10A, Supporting Infor-
mation), but more importantly, it showed up in Nb,C;-S900-60
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existence of Nb,C; under the nanomosaic NbS, layer. The
presence of Nb-C signal in Nb,C3-S900-60" sample after sput-
tering demonstrates that the conversion of the MXene into the
sulfide takes place from outer to inner layers. Furthermore, this
indicates that the samples treated at milder conversion condi-
tions (700 °C) are indeed partially converted and composed of
MXene-NbS, hybrid. The Nb 3d spectra of both samples after
sputtering (Figure S10C,D, Supporting Information) reveal no
NDb,Os peak at high binding energy.

To investigate the electrocatalytic behaviors of the as-prepared
samples, linear sweep voltammetry (LSV) was carried out in
an H,-bubbled 0.5 m H,SO, aqueous electrolyte. As shown in
Figure 4A, Nb,C; pristine, Nb,Cs-H,S600-10’, Nb,Cs-H,S700-10,
and Nb,C3-H,S900-60" exhibit similar electrocatalytic activities
with almost the same onset-overpotentials. It can be seen that
all samples show similar overpotentials of around 200 mV at
10 mA cm 2. A similar trend can be found for Nb,C-H,S700-10" and
Nb,C-H,S900-60’, in which the respective overpotentials of 250
and 252 mV are needed to deliver a current density of 10 mA cm™2.
Given the lower overpotential for Nb,C; and Nb,C;-derived sam-
ples compared to Nb,C and its derived samples, we focus herein
on the electrocatalytic behavior of the formers.

Generally, the following three possible pathways can be
used to describe the HER mechanism in the acidic electrolyte
(Equations (1)—(3)):5%
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Figure 4. Electrocatalytic HER performance. A) iR-corrected LSV curves for HER measured at 5 mV s™' and B) the corresponding Tafel slopes for Nb,C;
pristine, Nb,C3-H,5600-10°, Nb,C;-H,5700-10’, and Nb,C;-H,5900-60". C) iR-corrected LSV curves normalized to the electrochemically active surface
area (EASA). D) The long-term electrochemical stability of Nb,C3-H,S900-60" with a constant current density of 10 mA cm™2.
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Heyrovsky step: H,g+H" +e” — H, (2)
Tafel step: 2H,4 — H, (3)

where H,4,stands for theadsorped H onthecatalystsurface. There-
fore, two possible mechanisms can be predicted, viz. Volmer—
Heyrovsky or Volmer-Tafel.

The Tafel slopes of Nb,C; pristine, Nb,C;-H,S600-10", Nb,Cs-
H,S700-10, and Nb,C3-H,S900-60" are calculated to be 166, 143,
129, and 122 mV dec’), respectively (Figure 4B). The lower Tafel
slope of Nb,C;-H,S900-60" indicates faster electron transfer
than the others. The large Tafel slopes suggest that a Volmer—
Heyrovsky step generated the hydrogen, and H (Volmer step)
adsorption is the limiting step.?”

To further study the HER activity, each sample’s electrochem-
ically active surface area (EASA) was calculated by performing
cyclic voltammetry (CV) at different scan rates (Figure S11,
Supporting Information). In this work, a non-Faradaic poten-
tial region with the center of open circuit potential is used. The
open-circuit potential varies from one sample to the other, so
a different potential range is employed in this work to avoid
any Faradic contribution from any of the samples for accurate
estimation of the EASA. The EASA differs from the Brunauer—
Emmett-Teller (BET)-specific surface area as the first deter-
mines the electrochemically available surface while the latter
probes the area accessible for nitrogen physisorption.

The EASA values for Nb,C; pristine, Nb,C3-H,S600-10’,
Nb,C;-H,S700-10°, and Nb4C;-H,S900-60" were obtained as
35.1, 5.1, 2.6, and 0.7 cm?, respectively. The EASA decreases
significantly after treatments, and the higher temperatures
result in smaller EASA values. The very high EASA of Nb,C;
is attributed to the large d-spacing that renders the interlayer
spacing accessible for ions and available for electrochemical
processes. The reduction in EASA upon treatment can be
explained by collapsing MXene’s interlayer spacing during the
heating cycle. Unlike normalizing the current by geometric
area of the electrode, normalizing by the specific surface area
or EASA reflects the intrinsic catalytic activity of the material
rather than size dependence.’® When LSV curves are nor-
malized to EASA (Figure 4C), the Nb,C3-H,S900-60" sample
shows the highest HER activity. This suggests that even
though this sample has lower EASA, it is intrinsically much
more catalytically active than untreated MXene. Therefore,
further enhancement in the kinetics of the HER is expected
for Nb,C3-H,;S900-60" in the future by approaches to increase
its EASA, such as milling.

Table S3, Supporting Information, lists the electrocatalytic
performance of various NbS, morphologies employed as HER
catalysts in recent literature. The Nb,C3-H,5900-60" in the
present work shows a relatively low overpotential (198 mV at
10 mA cm™?) and Tafel slope (122 mV dec™), revealing higher
electrocatalytic activity than most of the reported NbS, and
MXenes as HER catalysts. The improved performance of
the latter sample can be attributed to the nano mosaic mor-
phology achieved where more edges are exposed. The long-
term electrocatalytic stability was conducted in a 0.5 m H,SO,
electrolyte with a current density of 10 mA ¢cm™ for 24 h. As
shown in Figure 4D, Nb,C;-H;S900-60" exhibits promising
electrochemical stability.
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3. Conclusions

In summary, heterostructures of MXene-TMD were obtained by a
one-step thermal sulfidation of niobium MXenes. Our work for the
first time demonstrated that by a facile manipulation of the treat-
ment temperature and duration, different degrees of MXene-to-
TMD conversion are obtained. Our results showed that the parent
MZXene slab thickness plays a crucial role in the derived TMD
nanostructure. Nb,C MXene is more susceptible to conversion
into NDbS, than Nb,C; MXene when treated at 700 °C for 10 min
due to higher H,S exposure of Nb-C-Nb layers in Nb,C rather
than Nb-C-Nb-C-Nb-C-Nb layers in Nb,C;. Tuning treatment con-
ditions yielded various nanostructures depending on the MXene
type, such as pillars in Nb,C and mosaics in the case of Nb,C;
MZXene. The treatment at 700 °C resulted in MXene-NbS, hybrids,
whereas treatment at 900 °C for 60 min resulted in the conversion
of MXene into NbS, nano-mosaic heterostructures with C/MXene
core. Overall, the H,S gas method has better control over the con-
version degree than the H, gas + S powder method.

When used as electrodes for HER, the Nb,C; MXene treated
in H,S gas at 900 °C for 60 min exhibited the highest HER
activity among all samples tested, and promising cycling sta-
bility. Our study encourages the possibility of constructing a
plethora of MXene-based TMD heterostructures for use as elec-
trode materials for energy storage and conversion, among other
applications. Further fine-tuning the derivatization parameters
to optimize the electrochemical performance of the produced
heterostructures in future work may provide the path toward
applications in more complex electrocatalytic applications and
improved performances.

4. Experimental Section

Synthesis of Nb,AIC and Nb,AIC; MAX Phases: Nb,C and Nb,C; were
synthesized by selective etching of the Al from their parent MAX phases,
Nb,AIC and Nb,AIC;, respectively. Nb,AlIC and Nb,AIC; were prepared
via solid-state synthesis processes by mixing niobium (Nb, Alfa Aesar,
< 45 um, 99.8%), aluminum (Al, Alfa Aesar, 7-15 um, 99.5%), and
carbon (C, Alfa Aesar, 7-11 um, 99%) with atomic ratios of 2:1.3:0.95
and 4:1.5:2.7, respectively. Each mixture was added to yttria-stabilized
zirconia balls in a high-density polyethylene jar and was mixed using
a Turbula mixer for 3 h at 56 rpm. The samples were then pressed at
room temperature into pellets. Nb,AIC pellets were heated from room
temperature to 1600 °C. The samples were held at the peak temperature
for 4 h, then left to cool naturally to room temperature. Nb,AIC; pellets
were heated through a three-temperature-step program: first at 750 °C
for 30 min, second at 1450 °C for 30 min, and third at 1700 °C for 1 h.
The heating rate used for both samples was 300 °C h™'. All the heating
and cooling steps were in an alumina tube furnace under a continuous
flow of argon (Ar) at a flow rate of 100 sccm.

Synthesis of Nb,C and Nb,C; MXenes: Both Nb,AIC and Nb,AIC; were
etched using hydrofluoric acid (48-51% by mass HF, Acros Organics, 10 mL
for each 1 g of MAX phase powder). The mixtures were heated to 40 °C
in an oil bath, mechanically agitated using Teflon coated magnetic stirrer,
and held for 90 h. Afterward, the products were washed with de-ionized (D)
water to remove the acid and etching side-products. The washing procedure
starts with dividing the mixture into several centrifuging tubes (one tube
for each 0.5 g of starting MAX phase), centrifuging at 3500 rpm for 5 min,
discarding the supernatant, refilling the tube with DI water, and finally
redispersing the sediment using vortex machine. This washing step was
repeated several times until the pH level exceeded a value of 6. Finally, the
as-prepared product was dried using vacuum-assisted filtration overnight.
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MXene Sulfidation: Nb,C; was placed in a quartz crucible inside a
quartz tube positioned in a one-zone furnace. Two different methods
were used to perform the sulfidation, named H,/S and H,S (Figure S1,
Supporting Information).

Method H,/S: To produce H,S gas, a second crucible containing sulfur
(S) powder was placed upstream in the tube outside the furnace, with a
heating jacket fixed around it. The system was purged with Ar at 100 sccm
for 2 h, heated at a rate of 300 °C h™' to the target temperature (500,
600, 700, or 900 °C) with holding times of 10 or 60 min. The Ar flow was
kept at 50 sccm during heating, holding, and cooling steps. 20 min before
reaching the holding temperature, H, gas flow was started at 10 sccm
and turned off after holding time. Throughout the H, flow period, the
heating jacket was kept at 550 °C (Figure S2A, Supporting Information).

Method H,S: Like method H,/S, initial purging, Ar flow, heating rates,
and temperatures were kept the same. H,S gas was directly used instead
of the combination of H, + S powder. H,S gas was initiated when the
target temperature was reached and kept flowing during holding time at
50 sccm. The samples were named according to the target temperature
and holding time, “S” for method H,/S, and “H,S” for method H,S. For
example, NbsC;-S700-10" stands for Nb,C; sulfidized at 700 °C for 10 min in
the H,/S system. Nb,C3-H,5S900-60" stands for Nb,C; sulfidized at 900 °C
for 60 min with H,S gas. For the sulfidation of Nb,C, only method H,S
was applied, and the nomenclature follows the same pattern.

Material Characterization: SEM was carried out using a ZEISS-Gemini
SEMS500 system coupled to an EDX detector (Oxford Instruments for
EDX analysis). Acceleration voltages of 1-3 kV were used for imaging
and 15 kV for spectroscopy. The samples were analyzed without any
conductive sputtering.

TEM (JEOL 2100F) was performed at an acceleration voltage of
200 kV. The samples were dispersed in ethanol by tip sonication for 30 s,
drop-cast onto a copper grid coated with a lacey carbon film, and dried
at room temperature overnight.

XRD was conducted with a D8 Advance diffractometer (Bruker AXS)
with a copper source (Cu-Ke, 40 kV, 40 mA). Signal was collected using a
1D Lynxeye detector at 0.02 26 step with a rate of 1 s/step.

XPS measurements were performed using the Thermo-Fisher K-Alpha
Plus XPS. An air-free holder is used during the whole process to protect
the samples from oxidation. The photon source was a monochromatized
Al K line (hv=1486.6 eV). The spectra were acquired using a spot size
of 400 um. A flood gun with combined electrons and low-energy Ar ions
was used during the measurements. A dual monoatomic and gas cluster
Argon ion source was used for depth profiling and sample cleaning.

Raman spectra (Renishaw inVia Raman microscope) were acquired
with an Nd-YAG laser (532 nm) at 0.5 mW power with 10 s acquisition
time for 10 accumulations using an objective lens with a numeric
aperture of 0.75. At least 12 points were collected for each sample. The
data show a representative spectrum of each sample.

Nitrogen gas sorption measurements were performed with an
Autosorb iQ system (Quantachrome, Anton Paar) at =196 °C. The Nb,C
and Nb,C; samples were first degassed at 200 °C at 10? Pa for one day.
The specific surface areas were calculated by applying the BET modell*’!
within the linear pressure range (up to 0.3 relative pressure).5®

Elemental analysis (CHNS) was performed with Vario Micro Cube
System using sulfanilamide for calibration and a reduction temperature
of 850 °C. An OXY cube oxygen analyzer at 1450 °C was employed for the
quantitative analysis of elemental oxygen.

Electrochemical Measurements: The electrochemical performance was
conducted by a Bio-Logic SP200 portable electrochemical workstation
with an RRDE-3A rotating ring disk electrode system. A standard SVC-2
three-electrode system with a working electrode of as-prepared samples,
a Hg/Hg,SO, electrode with saturated KCl supporting solution as
a reference electrode, and a graphite rod as a counter electrode were
used to investigate the hydrogen evolution activity in 0.5 m H,SO,
aqueous electrolyte. The working electrode was prepared by dispersing
the as-prepared materials (10 mg) in a mixture of 750 uL water, 250 pL
ethanol, and 10 pL Nafion 117 solution (=5% in a mixture of lower
aliphatic alcohols and water, Sigma Aldrich), followed by 1 h sonication.
After that, 7 uL dispersion was drop-cast on the glassy carbon electrode
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and dried at room temperature. The mass loading of active materials
was =1 mg cm™2. LSV was measured at 5 mV s~ by rotating the working
electrode at 1600 rpm with flowing H, in the electrolyte. All LSV curves
were iR-corrected, and the potentials were converted in reference to a
reversible hydrogen electrode.

The CV polarization curves were used to calculate EASA. EASA values
were obtained from the hydrogen adsorption/desorption region, so only
the double-layer charging current is used. In this work, a non-Faradaic
potential region with the center of open circuit potential was used. EASA
was estimated from the electrical double-layer capacitance (Cy) of the
as-prepared materials. The Cy was analyzed via CV at scan rates of
20-100 mV s

The EASA was calculated using Equation (4):1°%)

EASA =(CaixA)/Cs )

where A is the geometric area of the electrode, and C; is the capacitance
from a smooth planar surface per unit area. An average value of
C, =40 uF cm2 is used in this work.1%’]

Supporting Information

Supporting Information is available from the Wiley Online Library or
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Nb4C3-S900-60’.

S3

151



A 254 B 254

—e— —o—Nb,C —e— —o— Nb,C-H,S900-60'
T Nb,C, . 5] == Nb,C,-H,S900-60"
vm ‘TU,
£ £
L 45] |BET surface area (m?g) L 45] |BET surface area (m?g™)
o o
= Nb,C 6 = Nb,C-H,5900-60
§ 101 |Nb,C, 4 § 10 |Nb,C;-H,5900-60’
£ £
= =
S s s 2

o7 i-"s%gg%
L e
oﬁ"iﬁg?ﬁ““', . y , o aer™ . : y ;
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0

Relative pressure

Relative pressure

Figure S5: Nitrogen gas sorption isotherms of (A) Nb,C and Nb4C; MXenes and (B) the corresponding

sulfidized samples recorded at -196 °C. STP: standard temperature and pressure.

sS4

152



N b4C3"st700' 10’
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Supporting Tables

Table S1: Elemental composition of NbsC; samples after treatment with H,/S and H,S. Data obtained

by energy-dispersive X-ray spectroscopy (EDX) and elemental analysis (CNHSO).

EDX (at%) Nb C o F Al S
NbaCs 2615 50+4 1741 7+2 <1 -
Nb,4Cs-H,S600-10 3445 47+4 14+2 4+1 <1 210
Nb4Cs-H,S700-10’ 27+7 5316 1342 3+1 <1 342
Nb4Cs-H,S700-60’ 2245 5348 943 <1 <1 1345
Nb4Cs-H,S900-60’ 1943 48+8 3%2 - <1 3245
Nb4C3-S500-10 305 4514 2148 2+1 243 -
Nb4Cs-S600-10’ 268 40+£11 2710 - 316 413
Nb4Cs-5700-10’ 214 2948 1048 - 243 38+8
Nb4Cs3-S900-10’ 23+4 30+11 15+18 - 1+1 31+14
Nb4Cs-5900-60’ 21%3 3618 1216 - 1#1 31+6
EDX (mass%) Nb C 0 F Al S
NbsCs 706 18+3 8+1 4+1 <1 -
Nb4Cs-H,S600-10’ 774 1513 51 241 <1 1+0
Nb4Cs-H,S700-10 71+7 19+4 6+2 1+1 <1 3+1
Nb4Cs-H,S700-60’ 605 1945 412 <1 <1 1243
Nb4Cs-H,S900-60’ 52+3 1744 1+1 - <1 30+2
Nb4C3-S500-10 744 1442 9+4 1+0 242 -
Nb4Cs-S600-10’ 62119 1316 15+13 1+1 5+14 342
Nb4Cs-5700-10’ 52%5 1043 5+5 - 243 32+4
Nb4C3-S900-10 5715 10+4 7+8 - 1+1 26+11
Nb4C3-5900-60’ 54+3 1243 543 - 1+0 2843
CHNS (mass%) C S
Nb4Cs 9.1+0.1 -
NbaCs-H,S600-10’ 8.8+0.1 1.0+0.2
Nb4Cs-H,S700-10’ 8.840.1 3.310.1
Nb4Cs-H,S900-60’ 4.5+0.1 34.7+0.4
s10
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Table S2: Elemental composition of Nb,C samples after treatment with H,S. Data obtained by energy-

dispersive X-ray spectroscopy (EDX) and elemental analysis (CNHSO).

EDX (at%) Nb c o F Al S
Nb,C 264 3043 38+2 5+1 240 -
Nb,C-H,S700-10 264 3945 234 2+1 2+0 913
Nb,C-H,S700-60 24%5 406 1546 <1 210 1944
Nb,C-H,S900-60 2245 3619 7%3 - 240 33+7
EDX (mass%) Nb C 0 F Al S
Nb,C 6815 10+2 18+2 3+1 1+0 -
Nb,C-H,S700-10’ 674 1343 1042 241 1+0 813
Nb,C-H,S700-60 61+4 1443 73 <1 10 1743
Nb,C-H,S900-60 55+4 1244 342 - 210 2843
CHNSO (mass%) C (0} S
Nb,C 4.6+0.2 18.2+5.4 -
Nb,C-H,S700-10 4.3+0.0 10.8+1.7 8.210.2
Nb,C-H,S700-60 3.9+0.0 17.440.4
Nb,C-H,S900-60 1.9+0.1 3.940.8 31.620.3
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Table S3: Electrocatalytic performance of various NbS; morphologies and different MXene types as

HER catalysts in aqueous 0.5 M H,SO,electrolyte.

Tafel slope
Electrocatalyst N1 (MV) ) Reference
(mV dec?)
Nb,Cs-H,5900-60" 198 122 This work
NbS, nanoflakes 550 103 u
NbS; flake 420 - 2
NbS, nanoflakes 221 162 @l
NbS, 368 119 “
NbS; flake 453 125 Bl
NbS, nanosheets 280 67 (6l
Few-layer NbS; nanosheets 236 125 7
H-NbS; crystal platelets 50 30 @l
3R-NbS; 182 97 Ol
NbS, nanowires 439 95 (101
2H-NbS; 150 140 (11
3R-NbS; - 168 (11
Mo,CTy 189 - (12
Ti,CTy 609 88 (12
Ti3C,0« 190 61 (23]
W133C (annealed) 320 - (14]
Mo,C nanosheets 189 82 (15]
F-Ti,CT« nanosheets 170 100 (16]
Va4CsTy 600 168 (17
TizCTx 337 162 (8]
TisC, nanofibers 169 97 (29]
TizCyTx 600 217 (201
VoCTy - 149 (21]
TisCaTx - 268 (22)
Porous TisAIC, 260 148 (23]
Porous TisCyTx 220 292 (23]
Nb,C - 95 (24]
Nb4Cs (annealed) 568 114 (23]
Mo, TiC, Ty 280 58 (261
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13.0% from 2020 to 2027.! Lithium,
among other alkali metals, has been stud-
ied the most due to its relatively small

Lithium-ion and sodium-ion batteries (LIBs and SIBs) are crucial in our shift
toward sustainable technologies. In this work, the potential of layered boride

materials (MoAIB and Mo,AIB,) as novel, high-performance electrode
materials for LIBs and SIBs, is explored. It is discovered that Mo,AIB, shows a
higher specific capacity than MoAIB when used as an electrode material for

atomic size, mass, and higher ion mo-
bility, giving batteries with higher energy
storage capacity.’!

2D nanosheets are potentially suit-

LIBs, with a specific capacity of 593 mAh g~ achieved after 500 cycles at

200 mA g~ . It is also found that surface redox reactions are responsible for Li
storage in Mo,AlB,, instead of intercalation or conversion. Moreover, the
sodium hydroxide treatment of MoAIB leads to a porous morphology and
higher specific capacities exceeding that of pristine MoAIB. When tested in
SIBs, Mo,AlIB, exhibits a specific capacity of 150 mAh g~" at 20 mAg~'.
These findings suggest that layered borides have potential as electrode
materials for both LIBs and SIBs, and highlight the importance of surface

redox reactions in Li storage mechanisms.

1. Introduction

Lithium-ion batteries (LIBs), owing to their relatively high energy
and power density, are commonly used within portable applica-
tions such as mobile phones and laptops. Since Sony started us-
ing LIBs in the 1990s,!} exponential growth in manufacturing
batteries reached a current market size of $34.2 billion (USD),
which is expected to grow at a compound annual growth rate of

able active materials for hosting ions
generally due to their higher surface
areas, favorable diffusion kinetics, and
higher ion capacities owing to their
unique morphology.*! Transition metal
borides (TMBs), such as MoB,, TiB,,
NbB,, ReB,, and OsB,, are considered
refractory materials because of their
high chemical, mechanical, and thermal
stability.’] This family has unique me-
chanical, electronic, and thermal prop-
erties, broadening the range of appli-
cations to include tribology,® electro-
chemical energy storage,’) catalysis,®!
and high-temperature structures in the aerospace industry.”’)
Ternary transition metal borides, such as MoAlB, Cr,AlB,,
Mn,AlB,, and Fe,AlB,, are considered layered materials with an
orthorhombic crystal structure that can be described as blocks
of TMB (e.g., MoB and FeB) interleaved by aluminum atoms
(double layers of Al in the case of MoAlB, mono layers for the
rest).[10]
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MBene is a term derived from MXene (M: early transition
metal, X: C and/or N), given their similarities to graphene from
morphological and high electrical conductivity aspects,!'12] with
one change where X is boron.!"¥] Combining first-principles den-
sity functional method and crystal structure prediction tech-
niques, Bo et al. reported a group of hexagonal 2D MBenes,
transition metal borides such as Sc,B,, Ti,B,, Y,B,, Zr,B,, and
Mo, B,, that are predicted to have good stability and excellent
electronic conductivity.'*] Tt was also predicted that MBenes
like V,B,, Cr,B,, Mn,B,, Mo,B,, and Fe,B, have promising
performance as electrode materials in LIBs and/or sodium-ion
batteries.[">*] Mo, B, and Fe,B, were predicted to have low om-
nidirectional diffusion energy barriers and high specific capacity
for Li atoms.['?!

In the Mo-B binary phase diagram, Mo borides have many
possible compositions, such as Mo,B, MoB, MoB,, Mo, B, and
MoB,."%! For MoB, there are two possible phases: tetragonal a-
MoB (I4,/amd, Z = 8) and orthorhombic f-MoB (Cmcm, Z =
4). However, f-MoB was found to be slightly less stable than a-
MoB, which explains why #-MoB can only be synthesized at low
temperatures.!') Similar to the synthesis of MXenes from MAX
phases using selective etching of the A element layer,['”] in prin-
ciple, 2D f-MoB nanosheets can be realized by the selective etch-
ing of Al from MoAIB at relatively low temperatures to maintain
the structure of the MoB building blocks. Using ab initio calcu-
lations, Guo et al. reported that 2D Mo, B, with van der Waals
bonding between the atomic layers could be achieved through se-
lective etching of the single Al layer from Mo,AlB,, which could
be a potential MBene precursor.!'?) However, since Mo,AlB, is
metastable, one has to start with MoAIB (despite having double
Al layers) as it is the only stable phase that can be obtained by a
solid-state synthesis in the Mo—Al-B ternary phase diagram.['!

Partial etching of MoAIB was first reported in 2017, where the
powdery sample was stirred in NaOH solutions of different con-
centrations (10% and 30%), etching times (24 and 72 h), and tem-
peratures (room temperature and 70 °C).I") The best results were
achieved by stirring MoAIB in 10% NaOH at room temperature
for 24 h. The effects of concentration and etching time were not
significant, while raising the etching temperature to 70 °C or re-
placing the etchant with 48% HF caused significant corrosion.]
After the NaOH treatment, it was observed that Al was etched
out of the surface of the particles only, as the formed MoAl, B
hinders further etching. To obtain crystalline Mo,AlB,,!?"! the
already NaOH-treated MoAIB powders were pressed, vacuum-
sealed into quartz ampules, and then heated to 600 °C for 4.5 h;
the heating cycle was ended by quenching since Mo,AlB, is
metastable.?’) Alameda et al. also reported that using 2 m LiF
and 6 M HCI at room temperature results in similar outcomes
to using 10% NaOH./*!l Through optimization of the synthetic
parameters, Kim et al. reported a phase-pure Mo,AlB, by etch-
ing MoAIB in 3 M LiF and 10 m HCl at 40 °C for 48 h, though
they did not further explore the conversion of Mo,AlB, into 2D
MBene.[??]

As outlined above, the etching and exfoliating MAB phases
into 2D MBenes have been shown to be synthetically elusive,!?!:*]
hence the scarce experimental reports on their applications.[**]
While general aspects of Mo,AlB, synthesis and the resulting
partially-etched species were investigated in past works, their ac-
tual use for Li-ion batteries has remained unexplored. In this
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study, we report synthesizing single-phase Mo, AlB, and its elec-
trochemical performance as electrode materials for Li-ion and
Na-ion batteries for the first time. At a specific current of 20 mA
g”!, a specific capacity of 380 mAh g~! (corresponding to 2.7
Li per 1 Mo,AlB,) was achieved. The lithiation and delithia-
tion mechanisms were studied through X-ray photoelectron spec-
troscopy (XPS) to confirm the intrinsic electrochemical proper-
ties of the structure in our study.

2. Results and Discussion

The MoAIB structure can be viewed as Mo, B,-2Al-Mo, B, where
each Mo,B, atomic layer is interleaved with double zigzag
Al layers while Mo,AlB, has only one Al layer, as shown in
the schematic view in Figure 1a. The solid-state synthesis of
MoAIB was confirmed by comparing the X-ray diffractogram in
Figure 1b to the reflections predicted for MoAlB (PDF#01-072-
1277). The as-synthesized MoAlB pellet was pulverized into pow-
ders, poured into HF acid, stirred at 45 °C for 48 h, washed with
de-ionized water, and dried using vacuum-assisted filtration to
obtain Mo,AlB,. Energy dispersive X-ray spectroscopy (EDS) of
the treated sample showed Mo:Al to be 2:1 (atomic ratio) after
etching, indicating 50% Al reduction. To confirm the topochem-
ical transformation of MoAIB into Mo, AlB,, XRD patterns of the
two samples were collected. As shown in Figure 1b, a signifi-
cant change in the structure is noticed. The inset of Figure 1b
shows the (020) reflection shift due to etching from 12.6° (26) to
13.8° (20), indicating a reduction in d-spacing from ~7.0 to 6.4 A
and removal of an Al layer, which was also reported in the pre-
vious literature.">?22°] Alameda et al.?"] utilized annular dark-
field in the scanning transmission electron microscope to in-
vestigate the structural transformation from MoAlB to Mo,AlB,.
Their findings indicated that the double Al layers are reduced to
a singular layer upon etching, and that the layered structure is
made of [Al-(Mo, B,)], blocks. The researchers also observed that
the nanolaminate sheets have varying thicknesses ranging from
1 to 3 unit cells of Mo, AlB,, with the majority of the sheets having
a thickness of 1 unit cell (1.3 nm). Figure 1c shows a scanning
electron micrograph of Mo,AlB,, revealing accordion-like flakes
with a layered morphology similar to MXenes.!'’]

From previous literature, particle size selection was reported
to affect etching quality.?*2¢ Therefore, we separated the precur-
sor MoAIB sample sizes into two ranges, namely, small (<10 um)
and large (10 to 45 um) particles. Results after applying HF treat-
ment to both samples can be found in Figure S1 and Table S1,
Supporting Information. The larger particle size range showed
a larger shift in the (020) peak in Figure S1a, Supporting Infor-
mation, less Al% content in the EDS results, higher mass loss of
30% for (10 to 45 um) and 15% for (<10 um), and an accordion-
like morphology, Figure S1c, Supporting Information. Therefore,
larger particles (10 to 45 pum) are expected to have a better etch-
ing response from the HF treatment etching compared to smaller
(<10 um) particles. This could be due to the easier passivation of
smaller particles,?’] or due to the higher reactivity of smaller par-
ticles with larger surface area raising the possibility that they are
etched then dissolved completely in HF, which can be observed
during the washing step when a dark purple colored solution ap-
pears, indicating the existence of Mo** in the solution. The lower
mass loss of particles <10 um suggests a combined mechanism
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Figure 1. From MoAIB to Mo,AlB,: a) Schematic for the structural evolution of Mo, AlB, from MoAIB. b) X-ray diffractograms of MoAIB before and after
HF treatment. Si was added as an internal reference for the peak position. c) Scanning electron micrograph of MoAIB before and after etching.

where small particles become passivated or fully etched. From
these results, we can recommend using size selection to target
larger particles before etching to narrow the particle size distri-
bution and increase the etching efficiency. For further tests in
this study, we focused on the (10 to 45 um) sample. After etching,
we milled the Mo,AlB, powder (scanning electron micrographs
are shown in Figure S2, Supporting Information) to explore the
milling effect on the electrochemical performance.

The electrochemical behavior of Mo, AlB, as an electrode ma-
terial for LIBs is shown in Figure 2 and Figures S3-S7, Support-
ing Information, and for Na-ion batteries (SIBs) the electrochem-
ical behavior is shown in Figure S8, Supporting Information.
The cyclic voltammograms of MoAIB and Mo, AlB, at 0.2 mV s
scan rate in Figure 2a show a significant difference. Specifically,
there are two redox pairs at (0.39 and 0.45 V) versus Li/Li* and
(1.25 and 1.52 V) versus Li/Li* appearing after HF etching, in-
dicating that more electroactive species existed. The redox peaks
of the electrodes before etching were at potentials below 0.1 V
versus Li/Li*, which are related to the activated carbon suggest-
ing that MoAIB is not electrochemically active.[?®) The redox peak
positions in the cyclic voltammograms after milling remained
unchanged. Figure S3, Supporting Information, shows the first
four cycles in milled Mo, AlB,. The first discharge had relatively
more peaks due to irreversible reactions and likely the forma-
tion of solid electrolyte interphase (SEI). Potentiostatic electro-
chemical impedance spectroscopy (PEIS) of MoAIB, Mo,AlB,,
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and milled Mo,AlB, are shown in Figure S4a, Supporting In-
formation, along with their fits. The circuit used in fitting the
PEIS data is shown in Figure S4c, Supporting Information. Etch-
ing appeared to reduce the charge transfer resistance R, from
3.9 to 3.2 mQ cm? without significantly affecting the system re-
sistance R from 0.64 (MoAIB) to 0.7 mQ cm? (Mo,AlB,). Etching
also reduced the slope of the straight line at the lower frequency
region, indicating a more diffusion-limited regime is accessed,
which agrees with the results from the b-value. Milling Mo,AlB,
showed more deviation toward the diffusion regime with a slight
increase in the resistances R, = 1.1 mQ ¢m? and R, = 3.9 mQ
cm?.

A range of scan rates (namely, 0.1, 0.2, 0.5, 1.0, and 2.0 mV
s71), was tested for the electrodes before etching, after etching,
and after milling of the etched material (Figure S3a—c, Support-
ing Information). Higher current values are usually observed for
faster scan rates due to the decrease in the size of the diffusion
layer.!?] In Mo,AlB,, the minimum peak-to-peak separation was
0.13 V for 0.1 mV s~ while the maximum value was 0.55 V
for 2 mV s7!, which may indicate a decrease in reversibility for
faster scan rates.”’! The general relationship between peak cur-
rent and scan rate is given by i, = av” where a and b are adjustable
parameters.l**l The b-value can range from (b = 0.5) if the elec-
trochemical reaction is limited by semi-infinite diffusion to (b
= 1) if the current is interface-controlled (typical for capacitive
and pseudocapacitive systems).>!-3}] Recording the upper peak
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Figure 2. Electrochemical analysis. a) Cyclic voltammetry of MoAIB, Mo,AIB, before and after milling at 0.2 mV s~ scan rate. b) b-value log(i,)-log (v)
plot of voltammograms of MoAIB, Mo,AlIB,, and milled Mo,AIB, tested at scan rates 0.1-2.0 mV s™. c) Voltage profile of milled versus non-milled
Mo,AlIB, for the first five cycles at specific current 20 mA g~1. d) Rate handling capability of MoAIB, Mo,AIB,, and Mo,AIB, milled at specific currents
of 20-1000 mA g~'. e) Cycling stability of non-milled and milled Mo,AlIB, at specific currents of 200 and 500 mA g~.
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current values from each profile, we plotted log (i,) versuslog (v),
as shown in Figure 2b. After linear fitting, the b value for MoAIB,
Mo, AlB,, and milled Mo,AlIB, was 0.82, 0.70, and 0.78, respec-
tively.

The voltage profile before and after milling is shown in
Figure 2c, where the coin cell was cycled at 20 mA g~! and the first
five cycles of each Mo,AlB, (blue profile) and Mo,AlB, milled
(red profile). Both samples plateaued at ~1.2 (discharge) and
~1.5V (charge) versus Li/Li*, which agrees with results obtained
from cyclic voltammograms in Figure 2a. A specific capacity of
380 mAh g~! (3.5 Li per Mo,AlB,) was obtained in the first cy-
cle of milled Mo,AlB,, which is 19% higher than the unmilled
ones storing 320 mAh g! (2.8 Li per Mo,AlB,). By the fifth cy-
cle, milled Mo,AlIB, had a 55% higher capacity of about 310 mAh
¢! (2.7 Li) compared to the unmilled sample with a capacity of
200 mAh g! (1.7 Li). Although the specific capacity of Mo,AlB,
has not been reported before, the Mo, B, structure has been the-
oretically predicted to have a specific capacity of 444 mAh g,
corresponding to 4 Li per Mo,B,. The difference between our
reported values and the theoretical values of Mo, B, could be at-
tributed to the incomplete removal of Al as singular Al layers exist
in the Mo, AlB, structure./'?]

The rate handling was carried out at specific currents of
20-1000 mA g~' for MoAlB, Mo,AlB,, and Mo,AlB, milled in
Figure 2d. In the first cycle, milled Mo,AlB, had a specific capac-
ity about four times higher than MoAlB. The specific capacity for
MoAIB was generally low (40-50 mAh g') in all tested specific
currents. On the other hand, the capacity increased 230% and
300% for Mo, AlB,, and milled Mo,AlB,, respectively. At 20 mA
g~!, milling the sample before testing increased the capacity 50%.
The milling effect appeared to fade for higher specific currents
until it vanished at a rate of 1000 mA g='.

Exploring the cycling stability of Mo,AlIB, in Figure 2e, we
tested Mo, AlB, before and after milling at specific currents of
200 and 500 mA g~!. The first discharge specific capacity of the
non-milled sample was 302 and 83 mAh g~! for specific currents
200 and 500 mA g7!, respectively. At 200 mA g~!, a minimum
specific capacity was reached after 100 cycles; however, the capac-
ity increased gradually with cycling reaching a specific capacity
of 156 mAh g! after 500 cycles. Milling Mo,AlB, had a benefi-
cial effect on the specific capacity. For 200 and 500 mA g~ cells,
the first discharge specific capacities of milled Mo,AlB, were
496 and 441 mAh g~!, respectively, which are 1.6- and 5.0-times
higher than their respective non-milled. Coulombic efficiency for
the first cycle was 68%, and after 20 cycles, it was maintained at
>99%. After 500 cycles, the difference in capacity between milled
and non-milled Mo, AlB, was significant and noticeable. The spe-
cific capacities of the milled ones were 594 and 283 mAh g™
at 200 and 500 mA g~!, respectively, which are 281% and 342%
higher than the non-milled ones. The increase in specific capac-
ity due to milling can be attributed to the decrease in average
particle size, thereby increasing the accessible surface area and
enabling more electrochemically active sites to store Li. The spe-
cific capacity values of milled Mo, AlB, are close to that of MX-
enes and commercial graphite in LIBs (372 mAh g~'). However,
further studies to completely etch out the aluminum layer, will
potentially increase the capacity.®! The cycling-induced capac-
ity enhancement was reported in previous literature.***! Sev-
eral reasons have been proposed to explain the anomalous ca-
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pacity increase with cycling, including improved electrolyte wet-
tability and creation of more accessible paths for shorter Li* ion
migration,3#35 the formation/decomposition of an electrolyte-
derived surface layer, the possibility of additional charge storage
at sharp interfaces between electronic and ionic sinks, redox re-
actions of Li-containing species, unconventional activity of struc-
tural defects, and metallic-cluster like Li storage.*®! Experimental
evidence suggest that the reversible formation/decomposition of
lithium oxide plays a major in the enhanced capacity upon long
cycling.*”! However, further studies are needed to fully under-
stand the reason behind this capacity increase in Mo,AlB, sys-
tem. To shed light on the Li storage mechanism within Mo,AlB,,
we used ex situ XRD before and after lithiation. The electrode
was galvanostatically lithiated by discharging from open circuit
potential to 1 mV versus Li/Li* ata specific current of 10 mA g~!,
then maintained at 1 mV until disassembly; the voltage profile of
the half cycle is shown in Figure 3a. The X-ray diffractogram af-
ter lithiation, in Figure 3b, shows no significant change in the
(010) peak compared to the one before lithiation, suggesting that
the storage mechanism is not likely to be intercalation. Further-
more, the absence of new reflections eliminates the possibility
of a conversion reaction. The particles within the lithiated sam-
ple appeared to maintain their morphology without swelling, as
shown in the scanning electron micrograph (inset, Figure 3a).

To investigate whether the higher performance of Mo,AlB,
compared to MoAIB was related intrinsically to Mo,AlB,, not
just due to oxides that might evolve during etching, we oxi-
dized our material using rapid thermal annealing (RTA) by heat-
ing at 900 °C for 30 s in air. Figure S9a, Supporting Informa-
tion, shows post-RTA XRD where MoO, (PDF#00-032-0671) and
MoO, (PDF#00-067-0476) were observed, in addition to the sig-
nificant unoxidized Mo,AlB,. If the performance were related to
the oxides, it would be intuitive to assume that having more ox-
ides would enhance the electrochemical performance and am-
plify the redox peaks. However, post-RTA cyclic voltammetry (CV)
(Figure S9b, Supporting Information) revealed a cyclic voltam-
mogram profile that can be distinguished from Mo, AlB, where
three redox pairs were observed at (0.20 and 0.42 V), (1.25 and
1.42 V), and (1.54 and 1.72 V) versus Li/Li* which are related to
both MoO, and Mo0,.[“**1] The specific capacity decreased after
oxidation; this suggests that plausible surface oxides are not re-
sponsible for the capacity we measured for Mo,AlB,.

We utilized XPS to explore the material's bonding and sur-
face chemistry and probe changes, if any, in the oxidation state
of Mo due to electrochemical cycling. The results are shown in
Figure 3c and Table S2, Supporting Information. Four samples
were used for the XPS study, namely, i) MoAIB before etching,
ii) Mo,AlIB, electrode before lithiation (MoAIB after HF etching),
iii) Mo,AlB, electrode after lithiation, and iv) Mo,AlB, electrode
after delithiation. In the Mo 3d spectra, a low binding energy
peak at 228.0 eV that was observed in i) MoAIB can be assigned
the 3d;;, of Mo-Al-B.[*! Other Mo 3d;;, peaks were observed
at 229.5, 232.0, and 233.4 eV can be attributed to Mo(IV), Mo(V),
and Mo(VI), respectively.**| HF etching appeared to shift the Mo—
Al-B 3d;, peak to a higher binding energy of 228.4 eV, which
could be attributed to the higher oxidation state of molybdenum
after etching, similar to what was observed for MXenes.[*+]
The Mo-Al-B 3d;,, peak was observed at 227.8 eV for iii) fully
lithiated (half cycle), and 228.2 eV for iv) fully lithiated and
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Figure 3. Mo,AlIB, lithiation. a) Voltage profile of Mo,AlB, wafer during discharge at 10 mA g~ with inset scanning electron micrograph of Mo,AlB,
after lithiation. b) X-ray diffractograms before and after lithiation. c) XPS analysis of molybdenum spectrum for i) MoAIB, Mo,AIB, electrode ii) before
cycling, iii) half cycle, and iv) full cycle. d) DFT-calculated lithiation energies for varying Li configurations for Mo,AIB, and Mo, B, shown in (e) where

the atomic structure of Mo,AlIB, is shown with the different configurations where Mo = Green, Al =

Black, B = Pink, and Li = Purple. More details about

the atomic structure and Li configurations of Mo, AlIB, and Mo, B, are shown in Figure S11, Supporting Information.

delithiated (full cycle). The lower binding energy of Mo-Al-B 3d; ,
in the half cycle (after fully lithiated) suggests that Mo, AlB, is re-
duced by Li. This is direct evidence that Mo,AlB, is contributing
to Li storage. The Mo-Al-B 3d;, peak for the full-cycle sample
partially recovered as it was shifted to a relatively higher bind-
ing energy (viz., higher oxidation state) compared to the half-
cycle one, where 33% of the shift in binding energy was irre-
versible. This agrees with our electrochemical results of Mo,AlB,
in Figure 2d, showing irreversibility in the first cycle from 300 to
200 mAh g~'. This irreversibility could be due to Li reaction with
surface terminations or etching products. A summary of the XPS
findings for Mo 3d can be found in Table S2, Supporting In-
formation, in addition to C 1s, B 1s, Al 2p, O 1s, F 1s, and Li
1s high-resolution spectra shown in Figure S10, Supporting In-
formation. From these results, we can conclude that the electro-
chemical performance observed in this study is intrinsic and re-
lated to the reversible redox reaction of Li with Mo, AlB, surface
according to the following reaction: Mo,AlB, + yLi* + ye~ «—
Li,Mo,AlB,. Associating the higher Li storage with the milled
sample suggests that Li was stored only at the surface of the parti-
cles. With milling, the particle size decreased, and relatively more
surfaces were available to interact with lithium. To observe the
effect of etching and milling treatments on the specific surface
area (SSA) of MoAIB via nitrogen gas sorption analysis, as pro-
vided in Figure S12 and Table S3, Supporting Information. Al-
though the SSA values are low for all samples (1-13 m? g1),
HF-etching raised the SSA values from 1 to 7 m? g~'. Further-
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more, milling Mo,AlB, resulted in an increase of the SSA from
7to13m? g!

To gain more insights into why Li does not intercalate in
Mo,AlB, and is rather stored through surface redox, we car-
ried out ab initio calculations. In the selection and use of MAB
phases as electrode materials, the lithiation energy AE; is a
vital criterion for estimating the performance and the charge
storage mechanism./*’! Therefore, we used DFT to calculate the
lithiation energy into the bulk of Mo,AlB,. The structures in
Figure 3e show the lowest energy configurations of both the pris-
tine Mo,AlB, and lithiated Mo,AlB,. Our calculated lattice pa-
rameters were a = 3.06 A, b = 11.5 A, and ¢ = 3.18 A, which
match well with previous experimental work.*") We tested five
different intercalation configurations to find the most stable, as
shown in Figure 3d. Our results indicate that Li is the most stable
in the Al layer. In all these sites, the Li intercalation energy is pos-
itive (>3.8 eV), indicating that the Li atom is quite unstable. As a
comparison, we also performed calculations for Li intercalation
into Mo,B,, which has been studied previously. For Mo, B,, we
calculate an intercalation energy of —0.77 eV, in agreement with
previous work.['*#7] Therefore, intercalation into bulk Mo,AlB,
is more than 4 eV less favorable than Mo, B,. This suggests that
intercalation into the bulk is unlikely to occur, in agreement with
the XRD findings on the lithiated material.

Since Li storage is mostly due to the redox process at the
surface of the layered borides and increasing the surface area
by milling of Mo,AlB, results in higher specific capacity, it is
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Figure 4. MoAIB + NaOH Scanning electron micrographs of MoAIB treated with NaOH for a) 1 and b) 4 days. Effect of NaOH treatment on the
electrochemical behavior of MoAIB showing c) cyclic voltammograms of samples etched for 1 (brown color) and 4 days (orange color) ata 0.2 mV s~!
scan rate. d) Rate capability at specific currents of 201000 mA g~'. e) Cycling stability at 200, 500, and 1000 mA g~'.

reasonable to hypothesize that increasing the Li-accessible sur-
face in MoAIB will have a similar effect to the etching and
milling process in Mo, AlB,. Previous studies reported the effect
of NaOH on MoAIB.!""?!] NaOH treatment was observed to etch
the surface of MoAIB particles by removing the aluminum and
forming Mo,AlB, on the surface with a MoAIB core.[?’ Hence,
we utilized NaOH to form Mo,AlB, surfaces and increase the
SSA of MoAIB, as provided in Figure S12 and Table S3, Sup-
porting Information. After treating MoAIB with NaOH for 1 and
4 days, the EDS analysis in Table S4, Supporting Information,
showed a decrease in the Al content as the Mo:Al ratio changed
from ~1.0:1.0 to 1.0:0.8 after 1 day, and 1.0:0.7 after 4 days. A sig-
nificant increase was noticed upon etching of the parent MoAlB
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that has only 1 m? g=! SSA to 4 m? g! for the 1 day-etched and
to 11 m? g~! for the 4 days-etched samples.

The X-ray diffractograms, shown in Figure S13, Supporting In-
formation, revealed no peak shift. However, a significant asym-
metric broadening to higher 20 was observed, particularly in
the early (020) peak, which could be attributed to double peaks
(MoAIB and Mo,AlB,) or anisotropic strain. The emergence of
shoulders and peak broadenings, which are observed in most
of the peaks, are more pronounced upon longer NaOH treat-
ment compared to that of parent MoAIB, in agreement with pre-
vious reports.!?’] After NaOH treatment, scanning electron mi-
crographs (Figure 4) show layered porous morphology. Since the
formation of Mo,AlB, on the surface of MoAIB is a self-limiting
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process, little visible difference can be observed from scanning
electron micrographs of 1 day or 4 days treated samples. How-
ever, the distinction manifests itself in EDS (reduction of Al con-
tent) and XRD analyses outlined above. The particles were ob-
served to be corrugated due to NaOH treatment. The layers were
spaced out, and the surface roughness increased. We believe that
both effects have a positive contribution to electrochemical activ-
ity.
Figure 4 shows the CVs of MoAIB treated in NaOH for 1 day
and 4 days. Both voltammograms show redox peaks at (1.2 and
1.5 V); comparable to redox peaks for HF-etched Mo,AlB, in
Figure 2. PEIS of 1 day versus 4 days NaOH-treated MoAIB are
shown in Figure S4b, Supporting Information, where the circuit
used for fitting is shown in Figure S4c, Supporting Information.
We observed that for 1 and 4 days, R, was 0.11 and 0.06 mQ cm?,
respectively. For the charge transfer resistance, R, was 4.5 and
4.1 mQ cm? for 1 day and 4 days, respectively. The longer treat-
ment appeared to reduce the system and charge transfer resis-
tance. Recording the upper peak current values from each profile,
we plotted log (i) versuslog (v), as shown in Figure S4d, Support-
ing Information. After linear fitting, the b-values for MoAIB be-
fore and after NaOH treated for 1 day and 4 days were 0.82, 0.82,
and 0.85, respectively. The rate handling capability in Figure 4d
shows a significant increase in specific capacity after treating for
4 days, compared to 1 day. A specific capacity of 460 mAh g~! was
achieved in the first discharge cycle of the 4 days sample, which is
more than double the capacity of the 1 day sample. At 20 mA g7,
HF-treated samples appeared to have a higher specific capacity.
However, at a higher specific current of 1000 mA g', the 4 days
NaOH-treated sample exceeded both the milled and non-milled
HF-treated samples. NaOH-treated samples showed a slight loss
in the specific capacity by doubling the specific current from 500
to 1000 mA g~'. In addition, the specific capacity appeared to in-
crease with the ten cycles under constant specific current, espe-
cially when comparing the samples when cycled at 20 mA g~! at
the beginning and the end of the test.

The cycling stability of NaOH-treated samples, shown in
Figure 4e, confirms the significantly enhanced specific capac-
ity. The electrodes were cycled at specific currents of 200, 500,
and 1000 mA g~'. After 500 cycles, the specific capacity of the 4
days NaOH treated sample was 420, 332, and 209 mAh g~! for
cells tested under specific currents of 200, 500, and 1000 mA g~?,
respectively. The 1 day NaOH treated sample showed 280, 225,
and 174 mAh g™' for the same respective specific currents. At
500 mA g~!, both NaOH-treated samples have higher specific ca-
pacity than the non-milled HF-treated samples; however, not as
high as the milled HF-treated samples.

Due to the abundance and low cost of sodium, SIBs are ex-
plored as a more sustainable alternative to LIBs. Hence, we in-
corporated our material into SIBs to test their performance, as
shown in Figure S8, Supporting Information. The cyclic voltam-
mogram (Figure S8a, Supporting Information) from cycling at
0.1 mV s7! for 20 cycles shows that the redox peaks shifted sig-
nificantly to lower values <1 V versus Na/Na*. However, the ca-
pacity gradually decreased with more cycling. Rate capability was
also tested at the same specific currents as before (Figure S8b,
Supporting Information). The maximum capacity was 150 mAh
g~! at 20 mA g7!, gradually decreasing with higher specific cur-
rents. The electrode showed good capacity retention when tested
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at 20 mA g~! again after cycling at higher rates. Figure S8c, Sup-
porting Information, shows the voltage profile of the first five cy-
cles of Figure S8b, Supporting Information, where the capacity
started low then gradually increased with more cycling. The mea-
sured specific capacity corresponds to 1 Na per Mo,AlB, formula
unit. Although the capacity values reported for the SIB are not
as high as that for the LIB, the results confirm the feasibility of
storing both Li and Na in layered molybdenum borides.

Based on the experimental work we presented, it was found
that the as-furnaced MoAIB has low SSA (Figure S12 and
Table S3, Supporting Information) and low specific capacity
(Figure 2). Etching MoAIB either by HF or NaOH increased the
SSA (Figure S12 and Table S3, Supporting Information) and elec-
trochemical performance, Figures 2 and 4). Although increasing
the electroactive surface area may facilitate side reactions like SEI
formation, studies show it can improve battery performance.*®]
Among the etched samples, NaOH-treated MoAIB (4 days) and
HF-etched-milled MoAIB exhibited high SSAs, b-values, capac-
itive contribution percentages, and, consequently, high energy
storage capacities.

Structurally, HF-etching fully transformed MoAIB to Mo, AlB,,
as shown in Figure 1. NaOH treatment was less aggressive than
HF acid. It was enough to etch only the surface of MoAIB parti-
cles and form Mo, AlB, surfaces; however, the core is still MoAlB
(Figure S13, Supporting Information) which agrees with previ-
ous results.”! From a surface area point of view, HF-etching re-
sulted in a higher SSA than MoAIB, and milling further increased
the SSA significantly by reducing the particle size. 1 day NaOH
treatment increased surface area of MoAIB, and extending the
NaOH treatment to 4 days significantly increased the surface area
even more (Figure S12 and Table S3, Supporting Information).

To confirm that the electrochemical redox reactions are
surface-controlled, we analyzed the voltammograms at differ-
ent scan rates. HF-etched MoAIB had the lowest b-value of 0.7
(Figure 2 and Figure S4, Supporting Information), indicating a
stronger limitation by diffusion of the species entering and leav-
ing the electrode surface. Milling Mo,AlB, increased the b-value
due to exposing more surfaces via particle size reduction. 4 days
NaOH-treated MoAIB had the highest b-value of 0.85 (Figure 2
and Figure S4, Supporting Information). The capacitive contri-
bution at scan rates 0.2 and 2.0 mV s~! are shown in Figures S5~
S7, Supporting Information. The surface-controlled contribution
appeared to increase due to milling the HF-etched MoAIB and ex-
tending NaOH treatment from 1 to 4 days.

3. Conclusions

In conclusion, we succesfully synthesized the Mo, AlB, structure,
which is one step closer to the Mo,B, MBene than MoAIB. We
used solid-state synthesis to produce the Mo, AlB, precursor (i.e.,
MoAIB), which was then partially etched to remove 50% of Al
using HF acid at 45 °C for 2 days. The etching process caused
significant changes in XRD, morphology, and EDS. When we
tested the materials as electrodes for Li-ion battery, we found that
the specific capacity of the first discharge was quadrupled when
milled Mo, AlB, was used instead of MoAIB. After 500 cycles, spe-
cific capacities 594 and 302 mAh g were obtained for milled
Mo, AlB, and non-milled Mo,AlB,, respectively, when tested at
200 mA g~'. Ex situ XRD and XPS studies for electrochemically
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lithiated and delithiated samples were performed to understand
the underlying charge storage mechanism. XRD showed no shift
in (0l0) peaks even for Li discharge capacity of >200 mAh g~!,
suggesting that the charge storage is not by ion intercalation. This
aligns with DFT calculations, showing unfavorable Li intercala-
tion in Mo,AlB,. XPS was used to understand the bonding nature
after etching, lithiation, and delithiation. The binding energy of
the Mo—Al-B peak in the Mo 3d spectra was found to be shifted to
higher values due to etching, lower due to lithiation, and higher
again due to delithiation. NaOH treatment of MoAIB resulted
in a corrugated porous morphology with layers of high surface
roughness. NaOH-treated MoAIB has a significantly higher spe-
cific capacity compared to Mo,AlB,. Specific capacities of 420,
332, and 200 mAh g~ were achieved for 4 days NaOH-treated
samples tested under specific currents of 200, 500, and 1000 mA
g!, respectively. When Mo, AlB, was tested in Na-ion batteries, a
specific capacity of 150 mAh g~! was obtained at 20 mA g™! sug-
gesting potential applications in electrochemical energy storage
beyond Li-ion batteries. The present work highlights the viability
of transition metal borides as electrode materials for ion batter-
ies. It suggests further studies to realize borides and explore other
layered transition metal boride systems for energy storage.

4. Experimental and Methods Section

Synthesis of MoAIB Powder: The MoAIB powder was synthesized by
mixing and heating molybdenum boride (MoB, <45 um, 99%, Alfa Aesar)
and aluminum (Al, <45 um, 99.5%, Alfa Aesar) with atomic ratio Mo:B:Al
of 1:1.2. For mixing, zirconia balls were added with the powders into a
high-density polyethylene (HDPE) bottle that was then loaded to a Turbula
T2F mixer and rotated at 56 rpm for 3 h. Afterward, the mixture was cold-
pressed into a 1 in. diameter pellet and put into an alumina crucible in
the center of an alumina tube furnace. The pellet was heated from room
temperature to 750 °C, held for 2 h, then heated to 1550 °C for 2 h, and
finally cooled naturally to room temperature. A heating rate of 10 °C min~!
was used throughout the heating steps, and the whole thermal cycle was
performed under constant argon (Ar) gas flow.

Synthesis of Mo,AIB,: Mo,AlB, phase was synthesized by partial se-
lective etching of Al from the MoAIB phase. The MoAIB pellet was ground
into powders (<45 um) and then added to a bottle containing hydrofluoric
acid (HF, 48-51 mass%, Acros Organics, CAS: 7664-39-3) at a MoAIB:HF
ratio of (1 g:10 mL). The latter was done by carefully following the strict
safety protocols for handling HF.[*] During the initial step of adding pow-
ders to the solution, the bottle was submerged in an ice bath. The mixture
was then heated to 45 °C inside a bath of mineral oil and held at this tem-
perature for 48 h with continuous stirring using a polytetrafluoroethylene-
coated magnetic bar at ~500 rpm. Afterward, the powders were washed
using de-ionized (DI) water through centrifuging at 3500 rpm for 5 min,
decanting the supernatant, and refilling with DI water. The washing steps
were repeated until a near-neutral pH level (>6) was achieved, and fi-
nally, the powders were dried using vacuum-assisted filtration. To re-
duce the particle size, zirconia balls were added to the Mo,AIB, powders
into a 15 mL HDPE bottle filled with absolute ethanol (200 Proof, meets
USP/EP/ACS, Fisher Chemical). The bottle was sealed and inserted into
a high-energy ball milling (8000 m Mixer/Mill High-Energy Ball Mill, SPEX
SamplePrep) for six cycles (5 min each). After 5 min of milling, the HDPE
bottle was cooled in an ice bath. Afterward, the milled powders were col-
lected and dried through vacuum-assisted filtration.

MoAIB Particle Size Selection before Etching:  To narrow the particle size
distribution of MoAIB before etching, we followed a procedure similar to
that reported by Zhang et al.,[26] where the ground MoAIB powder with par-
ticle size <45 um was put into a bath sonication with DI water for 20 min
to deagglomerate particles and then the mixture was stirred to maintain
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uniform distribution. Once stirring was stopped, powders in DI water were
allowed to settle for 154 s to sediment particles in the range of 10-45 pm,
and the particles <10 um were filtered from the supernatant.

NaOH Treatment of MoAIB:  The NaOH treatment of MoAIB powders
was performed following a procedure reported elsewhere.2'l Typically,
250 mg of MoAIB was treated with 250 mL of 10 mass% NaOH solution
(Sigma-Aldrich) at RT for 1 day (24 h) or 4 days (96 h) under stirring. Af-
terward, the mixture was vacuum-filtered through polyvinylidene fluoride
(PVDF) membranes (0.22 um, Merck Durapore), followed by filtration of
an excessive amount of DI water to wash away residual NaOH. The wet
PVDF membrane with the powder cake on its top was then placed in a
vacuum oven at room temperature overnight. The dried powder was then
gently removed from the membrane and stored to be used as electrode
material.

Material Characterization: The crystal structure of the samples was
investigated using a Cu K, Rigaku D/Max-2200 X-ray diffractometer. X-
ray diffraction patterns were collected at a 20 step size of 0.02° and scan
rate of 1° min~". Scanning electron microscopy (SEM) images were cap-
tured using either an INCA-Hitachi S-4800 at an acceleration voltage of
3 kV, or a ZEISS-Gemini SEM500 system with acceleration voltages be-
tween 1-3 kV. The chemical composition within each sample was obtained
through EDS via the INCA-Hitachi S-3400 at an accelerating voltage of
30 kV. The XPS measurements were performed using the K-Alpha XPS
System from Thermo Scientific. The photon source was a monochroma-
tized Al X-Ray source (1.486 keV). The spectra were acquired using a spot
size of 300 um and constant pass energy (150 eV for a survey and 20 eV
for high-resolution spectra). A combined low-energy electron/ion flood
source was used for charge neutralization. A dual monoatomic and gas
cluster Ar ion source was adopted for depth profiling and sample clean-
ing. A vacuum transfer vessel was used to protect the sample from ox-
idation. To clean the sample surface from contamination, Ar sputtering
was applied onto MoAIB powder, Mo,AlB,, lithiated Mo, AlB,, and delithi-
ated Mo,AIB, for 30, 360, 600, and 360 s, respectively. More sputtering
time was required for the lithiated Mo,AIB, to remove the SEI layer. The
X-ray photoelectron spectra were calibrated using adventitious carbon at
284.8 eV.>] Linear and Shirley backgrounds were used for C 1s and Mo
3d, respectively. Most peaks were fitted using a Gaussian Lorentzian curve
GL(30), except for Mo—Al-B which was fit using A(0.38,0.6,10)GL(10), as-
suming peak asymmetry. The Mo 3d high-resolution spectrum was fitted
using doublets 3ds/, and 3d3, with an area ratio 3:2 and separated by
3.13 eV.

Electrochemical Testing:  LIBs with Mo,AlB, as an active material were
assembled to study their electrochemical performance. The slurry was pre-
pared using the active material, carbon black (CB, Alfa Aesar, >99.9%), and
PVDF (molecular weight ~534 000, Sigma-Aldrich) in a mass ratio of 8:1:1,
respectively. 1-Methyl-2-pyrrolidone (99.5%, Acros Organics, extra dry over
molecular sieve) was added to the mixture and ground together using mor-
tar and pestle until a homogeneous slurry was formed. The slurry was drop
cast using a pipette on copper foil discs (10 um thick, 12 mm diameter)
and allowed to dry overnight in an oven at 60 °C. In the standard two-
electrode CR2032 coin cells used in this study, the active material acted
as a working electrode, and lithium/sodium metal acted as a counter and
reference electrode. For LIBs, 1 m lithium hexafluorophosphate (LiPFg)
dissolved in ethylene carbonate (EC) and ethyl methyl carbonate (EMC)
EC:EMC (3:7 by volume) was used on the glass fiber separator, while for
SIBs, 1 M sodium hexafluorophosphate (NaPF) dissolved in ethylene car-
bonate (EC) and diethyl carbonate (DEC) EC:DEC (1:1 by volume) was
used. Coin cells assembly was carried out in an Ar-filled glovebox (O, and
H,0 <0.1 ppm)

CV and PEIS tests in this study were performed at room temperature
using an electrochemical workstation (VMP3, BioLogic), and EC-Lab soft-
ware was utilized for data collection and analysis. CV was measured at
scan rates of 0.1, 0.2, 0.5, 1.0, and 2.0 mV s~ between 1 mV and 3 V ver-
sus Li/Li* (for SIB, the voltages are measured versus Na/Na‘). 200 kHz
to 10 mHz was the frequency range for PEIS test. Galvanostatic cycling
for rate handling capability and stability tests were performed by battery
cycler (CT2001A, LANDHE, Wuhan, China). The rate handling capability
was quantified using specific currents of 20, 50, 100, 200, 500, 1000, and
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back to 20 mA g~'. Cycling stability was studied at specific currents of 100,
200, 500, and 1000 mA g~

Gas Sorption Analysis:  Nitrogen gas sorption analysis was performed
using an Autosorb iQ system (Quantachrome; now Anton-Paar) at liquid
nitrogen temperature (—196 °C). Before each measurement, the samples
in test tubes were outgassed by heating mantles that heated the samples
at a ramping rate of 20 °C min~! to reach the target temperature of 300 °C
and held for 3 h. The SSA was calculated by the ASiQwin-software using
the Brunauer—-Emmett—Teller equation!®'l and quenched-solid DFT.[52]

Theoretical Calculations: Density functional theory (DFT) calculations
were carried out using the Vienna ab initio simulation package.[33:54]
The generalized gradient approximation of Perdew, Burke, and Ernzer-
hof, was utilized for the exchange—correlation functional.5°] The projector-
augmented wave method was used to treat the electron—ion interaction,
and the cut-off energy of the plane-wave basis set was 550 eV. A3 x 3 x 1
cell of Mo,AlIB, was employed to model the intercalation of Li using a 4 X
4 % 1 k-point grid.[56:7]

We performed a full geometry optimization for the Li-incorporated
Mo,AlIB,, placing the Li in multiple sites to find the most favorable config-
uration. The energy for Li intercalation was calculated as

AE(; = Epo,aiB,+Li, — Emo,aiB, = NEL (M

Here, Ey;, aig,+Li IS the total energy of the lithiated Mo,AIB, with n Li
aiss BBl

atoms, Eyi, i, represents the total energy ofthe pristine MOZAIBZ, and
E,; denotes the total energy per atom of bulk Li metal. A negative value
of the intercalation energy indicates that the Li atom prefers to intercalate
into the Mo,AlIB, rather than Li cluster formation.['?] In this work, our
calculated lattice parameters were a = 3.06 A, b= 11.5A, and c = 3.18 A,
which match well with previous experimental work.[20]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1. Effect of particle size: (a) X-ray diffractograms of HF-etched samples at 45 °C for
24 h using different particle sizes of MoAIB < 10 um versus 10-45 um, both compared to
untreated MoAIB sample. Scanning electron micrographs of HF-etched (b, d) £ 10 um and (c,
e) 10-45 um particles.
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Figure S2. Scanning electron micrographs of Mo2AIB; after milling at two different
maghnifications.
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Figure S4. LIB performance. Potentiostatic electrochemical impedance spectroscopy (PEIS) of
(a) MoAIB and HF-treated MoAIB before milling (Mo2AIB;) and after milling (Mo2AIB2 milled)
(b) NaOH-treated MoAIB for 1 day and 4 days. (c) Circuit used in fitting the PEIS data where
Rs is system resistance, R is charge transfer resistance, CPE is a constant phase element,
and Mg is a modified, restricted diffusion. (d) b-values of NaOH treated samples.
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Figure S12. Gas sorption analysis. Nitrogen gas sorption isotherm of (a) HF-MoAIB and (b)
NaOH-MoAIB. Measurements were performed at a temperature of -196 °C. STP: standard
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Figure S13. X-ray diffractograms of MoAIB before (a) and after NaOH treatment at room
temperature for (b) 1 day, and (c) 4 days. “+” marks are assigned to MoAIB orthorhombic
(PDF 72-1277)

Table S1. Effect of particle size on the etching outcomes of MoAIB (detecting B using EDS is
challenging).

Particle size range Mass loss (020) peak Mo:Al
(um) (mass%) position (atomic%)
<10 15 12.8° 26 1.00:0.67

10to 45 30 13.8° 26 1.00:0.50

Table S2. XPS peak fitting results of Mo 3d for MoAIB, Mo,AIB; electrode before cycling, half

cycled and fully cycled.

Element Binding FWHM Fraction Assigned to Literature binding
energy (eV) (eV) energy (eV) / Ref.
228.0 (231.1) 1.2 (1.2) 34.5% Mo-Al-B 228.1/1
MoOAIB 229.5 (232.7) 2.0(2.0) 22.9% Mo(IV) 229.7 /%2
232.0(235.1) 2.0(2.0) 18.7% Mo(V) 231.9/*?
233.4 (236.5) 1.5(1.5) 8.8% Mo(VI) 233.1/*?
228.4 (231.6) 1.3 (1.3) 19.3% Mo-Al-B
Mo,AlB, 229.4 (232.5) 1.7 (1.7) 45.9% Mo(IV) 229.7 /%2
231.2 (234.3) 2.0(2.0) 17.3% Mo(V) 231.9/*?
233.3 (236.4) 2.0 (2.0) 8.4% Mo(VI) 233.1/*?
227.8 (231.0) 1.3(1.3) 24.1% Mo-Al-B
Mo,AIB; 229.6 (232.8) 2.0(2.0) 19.3% Mo(IV) 229.7 /%2
Lithiated 231.9 (235.0) 2.0(2.0) 13.8% Mo(V) 231.9/*?
233.8(236.9) 1.2 (1.2) 31.8% Mo(VI) 233.1/2
228.2 (231.3) 1.2 (1.2) 22.8% Mo-Al-B
Mo,AlIB, 229.3 (232.4) 1.9(1.9) 42.9% Mo(IV) 229.7 /%2
Delithiated 231.2 (234.3) 2.0(2.0) 14.6% Mo(V) 231.9/*
233.2 (236.3) 2.0 (2.0) 9.3% Mo(VI) 233.1/?
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Table S3. Gas sorption analysis with nitrogen gas at -196 °C using the quenched solid density
functional theory (QSDFT) and the Brunauer-Emmett-Teller theory (BET).
SSA BET SSA DFT DFT total pore volume

(m*g?)  (m*g?) (em*-g?)
MoAIB 1 0.5 0.00
MoAIB-1 day in NaOH 4 2 0.01
MoAIB-4 days in NaOH 11 8 0.02
Mo,AIB, 7 5 0.01
Mo,AIB; milled 13 13 0.02

Table S4. EDS analysis (atomic%) of MoAIB before and after NaOH treatment for 1 day and
4 days.

Duration Mo Al (o)
Before 23 23
1 day 28 22 20
4 days 27 19 15

Supporting references:

1. Natu, V.; Kota, S. S.; Barsoum, M. W., X-ray photoelectron spectroscopy of the MAB
phases, MoAIB, M;AIB; (M = Cr, Fe), Cr3AlBs and their binary monoborides. Journal of the
European Ceramic Society 2020, 40 (2), 305-314.

2. Zhang, T.; Lee, C.-Y.; Gong, B.; Hoex, B., Thermal stability analysis of WOx and MoOxy
as hole-selective contacts for Si solar cells using in situ XPS. 2018.
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Functional two-dimensional high-entropy materials

Srinivasa Kartik Nemani® 1'6, Mohammad Torkamanzadeh2'3'6,
Brian C. Wyatt1'6, Volker Presser® 234 & Babak Anasori>™

Multiple principal element or high-entropy materials have recently been studied in the two-
dimensional (2D) materials phase space. These promising classes of materials combine the
unique behavior of solid-solution and entropy-stabilized systems with high aspect ratios and
atomically thin characteristics of 2D materials. The current experimental space of these
materials includes 2D transition metal oxides, carbides/carbonitrides/nitrides (MXenes),
dichalcogenides, and hydrotalcites. However, high-entropy 2D materials have the potential to
expand into other types, such as 2D metal-organic frameworks, 2D transition metal carbo-
chalcogenides, and 2D transition metal borides (MBenes). Here, we discuss the entropy
stabilization from bulk to 2D systems, the effects of disordered multi-valent elements on
lattice distortion and local electronic structures and elucidate how these local changes
influence the catalytic and electrochemical behavior of these 2D high-entropy materials. We
also provide a perspective on 2D high-entropy materials research and its challenges and
discuss the importance of this emerging field of nanomaterials in designing tunable com-
positions with unique electronic structures for energy, catalytic, electronic, and structural
applications.

istorically, alloying has been a popular method in metallurgy to derive unique and

superior properties in metals’»2. Efforts toward the exploration of alloys with multiple

principal metals at equimolar or near equimolar ratios have led to the realization of
multicomponent systems with unique structure-property synergies®%. These materials are sta-
bilized by the increased effect of configurational entropy, as demonstrated in the high-entropy
alloys phase space at the bulk scale since the 2000s-°.

Furthermore, the inclusion of non-metallic species, such as carbon, hydrogen, nitrogen, and
oxygen, has been studied either at a few at.% in high-entropy alloys or to occupy the interstitial
sites of the metal lattice to form new compounds to accentuate the properties of these materials.
For example, the addition of 2 at.% oxygen increases the mechanical strength and ductility!?,
<0.5at.% carbon enhances phase stability and wear resistance! 12, <0.6 at.% boron improves
hardness, while the inclusion of hydrogen at ~50 mass% ppm reduces the stacking fault energies
leading to localized strain hardening in alloys!'3. Consequently, the high-entropy materials space
has expanded further into non-metallic compounds with bulk nitride films!41°, crystalline!6-18
and amorphous19 oxides, carbides?%2!, borides??, silicides?3:24, and chalcogenides25 mostly since
2015. This expansion has been driven by their potential for attractive properties in applications
ranging from mechanical?), catalysis?®?’, thermal?®?%, electrical, energy storage, and
harvesting®?. Some of the compounds reported to date have a low or medium entropic
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contribution (non-equimolar compositions and less than four
principal elements), also referred to as compositionally complex
ceramics3!.

The concept of high entropy at the nanoscale was introduced
in 201732, and further expanded to layered two-dimensional (2D)
materials in 2020-2022 with entropy-stabilized multiple principal
elements in oxide, chalcogenide, carbide/carbonitride (MXenes),
hydroxide forms with promising practical applications?7-33-42,
Furthermore, van der Waals heterostructures of entropy-
stabilized 2D chalcogenides and halides have exhibited super-
conductivity, unique magnetic behavior, and heterogeneous cat-
alytic activity*3. Figure 1a shows the timeline from the realization
of entropy stabilization in bulk phases, alloys in 2004 and cera-
mics in 2015, to layered 2D materials in 2020-2021. While high-
entropy 2D materials are still in their infancy, the combination of
their high surface area and functionalities of 2D materials with
entropy stabilization brings the promise to accelerate materials
discovery for applications such as energy conversion or storage.

In this perspective, we discuss entropy stabilization from bulk
to 2D systems, the effects of disordered multi-valent elements on
lattice distortion and local electronic structures, and elucidate
these changes on the catalytic and electrochemical behavior of 2D
high-entropy materials. While in bulk form, these materials have
been explored for their stability and mechanical behavior,

since no studies have reported the mechanical properties of
high-entropy 2D materials, we focus more on applications such as
energy conversion and storage, which are current areas of interest
for 2D materials.

High entropy structures

The formation and stabilization of high-entropy materials come
with various degrees of mixing in the metallic sublattices.
Figure 1b shows an array of entropy-stabilized systems where
order—disorder transitions are possible with substitutional inter-
faces (non-equimolar systems)#4, short-range ordering (localized
clustering)*®, and complete randomized solid solutions (with an
increase in the number of constituents) in a system comprising of
multiple elements. Increasing the number of species increases the
contribution of the entropy term in Gibbs’ free energy equation,
making configurational entropy the main contributor to system
stability, as shown in Fig. lc. Unlike in high-entropy alloys, in
high-entropy compounds, the presence of non-metals (as we will
refer to them as X) in the metal interstitial sites (referred to as M)
can lead to complex M-X coordination bonding states!”46,
Further, the presence of non-metallic sublattices enables a larger
selectivity and diversity in the M species with room for elements
of larger ionic radii and M-X bond lengths with little effect on
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solid solutions. b reproduced with permission from ref. 7> (copyright AAAS, 2021); ¢ Configurational entropy change as a function of the number of species
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lattice distortion*¢-48, Similarly, entropy stabilization can also be
achieved through mixing in the X sites, leadin§ to bulk single-
phase materials forming, as shown in Fig. 1d4>°0.

Various characterization methods are required to confirm the
high configurational entropy of the system. X-ray/neutron
diffraction’!, and scanning transmission electron microscopy
combined with energy-dispersive X-ray spectroscopy, and high-
angle annular dark-field methods have been used to delineate and
map the principal elements®?. Atomic scale tomographic tech-
niques may also be explored to accentuate these methods3>4,
Altering the stoichiometric ratio beyond the equimolar ratio can
be used as a qualitative method to evaluate the effect of entropy in
stabilizing the structure?®. In addition, spectroscopy methods,
such as X-ray photoelectron spectroscopy, are currently being
implemented to understand the complex oxidation states and
their effect on properties in high-entropy nanomaterials®®.

The elements and their coordination states affect these materials’
interaction with surrounding species in the lattice. The compatibility
of transition metals and post-transition metals in different coordina-
tion states can be examined to understand the role of charge transfer
between the cations in a high-entropy material structure. In Fig. 2a,

the compatibility of multi-valent metals in a cubic rock-salt lattice is
demonstrated with their compatibility factor, labeled as the normal-
ized temperature of mixing, or Ty, normalizea>®. The compatibility, in
this case, measures the propensity of a metal to transfer charge from
one metal to another and maintain stability in a singular lattice. The
green color, such as Fe3t or V3* with a Tpix normalized = 0.0, is
considered more compatible than the red elements, such as Zn?t or
APt with a Tyix normalizea = 1.0%. In high-entropy materials, this
charge transfer between the mixed metals plays a significant role in
their inherent structural and electronic characteristics and their sub-
sequent material properties.

2D high-entropy structures

The charge transfer process and changing local coordination states
of metals within a high-entropy structure to create stable dis-
ordered lattice structures also impact the local strain within a lat-
tice. The occupancy of multiple metal or non-metal sites in a 2D
high-entropy material results in localized tensile and compressive
strains on the lattice structure®’. This strain results from the mixed
atomic sizes of multi-valent distinct elements, as shown in Fig. 2b.
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Using scanning transmission electron microscopy, the effect of five
transition metals on the lattice can be seen by viewing the 2D
structure perpendicular to the basal plane. By measuring the
average distortion of the hexagonal lattice structure, the strain (red
for tensile, blue for compressive) can be mapped onto the basal
plane as seen in Fig. 1c for (TiVZrNbTa),CT, MXene®3, which
demonstrates the local distortion caused by elements with various
atomic radii in a single 2D material.

At the 2D nanosheet level, since most of the atoms are either on
the surface or at the neighboring sites to the basal plane, localized
strain and changes in electronic structure will have dominant effects
on the material’s properties. In a study on high-entropy 2D phos-
phorous trichalcogenides, Co,(VMnNiZn); ,PS;, the strain in the
structure and localized changes in the electronic structure with their
relative effects on the material’s electrocatalysis behavior were
explored®. A five-fold increase in the lattice strain was reported
using powder X-ray diffraction on the bulk-layered phosphorous
trichalcogenides. The high-entropy mixtures of Co,(VMn-
NiZn), ,PS; also altered the X-X bond length (P-P bond here), and
an increment-decrement relationship between the cobalt content and
P-P bond length was observed (Fig. 2d). The effect of this P-P bond
length change based on Co composition can be seen in Fig. 2e, where
the highest hydrogen evolution reactivity is around a Co molar ratio
of ~0.5. Because of these tunable P-P bonds, the authors speculate
that a high-entropy structure could redistribute the electron density
at each P atom and make it more active for electrocatalysis reactions.
The authors also conducted X-ray photoelectron spectroscopy on
Cops(VMnNiZn)o4PS; and compared it with the corresponding
single-metal phosphorous trichalcogenides (CoPS;, VPS;, MnPSs,
NiPS;, and ZnPS;). The results indicated the lowest binding energy
states for both P and S, confirming a higher electron-donating
character for the [P,S¢]*~ sites, which leads to better hydrogen
adsorption in hydrogen evolution reactions (HER)?”. The changes in
the HER activity of Co,(VMnNiZn), ,PS;37 demonstrate the effects
of multiple elements on the electronic structure localized changes
around cation and anion sites which can further control potential
binding sites for energy storage or catalytic activity. However, further
studies are necessary to fully investigate the effect of high entropy on
the energy storage and conversion behavior of these 2D materials.

2D high-entropy materials in energy storage and conversion
There has been a growing research focus using the concept of high
entropy in all components of an energy storage device, the elec-
trodes (anode and cathode)*%8, as well as solid->%%0, and liquid-
state electrolytes®! (Fig. 3a, b). The possibility of tuning the bond
length, electronic structure, and charge transfer in high-entropy
materials coupled with the high surface area of 2D materials makes
high-entropy 2D materials attractive candidates for energy storage
and conversion. Current studies in high-entropy 2D systems have
focused primarily on electrode materials.

The MXenes family has been explored extensively as electrode
materials with research on their various synthesis techniques and
modification strategies over the past decade263. However, it was
not until recently that the high-entropy MXenes with four or
more transition metal elements were reported436:64, These high-
entropy MXenes are derived from their bulk precursors: the high-
entropy MAX phases. While solid-solution double transition
metal MAX phases have been studied for several decades, phase
pure high-entropy MAX phases were not explored or reported
independently of their 2D MXene counterparts.

As an outcome of the top-down synthesis approach, the
MXenes’ basal planes are decorated with functional moieties
(such as -OH, = O, -F, -Cl, -S) bonded to the surface transition
metal. The termination compositions depend highly on the
synthesis route, providing another degree of tunability aside from

the principal M and X elements®. The surface functional groups
further control the electronic properties (metallic conductors to
semiconductors, and superconductivity)®%¢7, and stability.

So far, five compositions of high-entropy MXenes have been
reported since 2021, and a few of them are being studied in
energy storage applications. Those include Ti;;Vy;Cr,Nb o-
TaosCT, used as Li-ion battery (LIB) anode, Zn-ion®, and
H,S0, supercapacitor electrodes?®, (TiZrNbTa),CT, and
(Tip2Vo22r02Nbg>Tag,),C as LIB anodes®$, and (TiVZrNb-
Ta),CN as lithium-sulfur battery cathode®®. When used as a LIB
anode, delaminated Ti;V(;Cr,Nb; (TagsCsTy MXene film
exhibited a first-cycle capacity of 126 mAh g~! at 0.01 Ag~!, and
a long-term stable capacitance of 40 mAhg~! at 1 A g~! for over
1000 cycles®*. Although the charge storage capacities of high-
entropy MXene are lower than (regular) Ti;C,T, MXene
(410mAhg=! at 1°C)®, the high-entropy MXene exhibits an
interesting cycle stability behavior: the steady-state capacity for
high-entropy MXene increases two-fold after 300 cycles. This is
while it decreases almost two-fold for Ti;C,T, MXene. When
used as electrodes for Zn-ion®® and H,SO, electrolyte
supercapacitors®, a ~90% capacitance retention was seen after
~10,000 cycles. This demonstrates the increased cyclical stability
of the system due to the implementation of a high-entropy 2D
electrode.

The charge storage capacity of 2D materials, such as LIB
electrodes, is generally limited by the extent of Li intercalation
into the available space between the layers’?. Consequently,
simply by employing a high-entropy 2D electrode, the charge
storage capacities will not necessarily be improved, and a more
systematic design is required for high-entropy 2D electrodes. For
example, Du et al.% showed how a high-entropy carbonitride
MXene could capitalize on the ultra-high theoretical capacity of
sulfur (1672 mAh g~1)7! besides intercalation’2. Benefiting from
the high affinity and catalytic activity between the five different
M-C/N bonds and polysulfides and the high mechanical strains
in their carbonitride MXene layers, multistep sulfur conversion
processes were shown to take place without the loss of active
material. This has resulted in higher capacities (~900 mAh g~ ! at
1°C) and rate capabilities (702mAhg~! at 4°C) with good
cycling stability. Figure 3c summarizes the performance metrics
of MXenes and layered transition metal oxides as models of high-
entropy 2D materials used as battery electrodes in half-cell
configurations.

The concept of high entropy in energy conversion has recently
been introduced in other 2D materials, such as high-entropy
transition metal chalcogenides. Wang et al. have recently reported
>15-fold enhanced catalytic activity of Coge¢(VMnNiZn),4PS;
toward HER compared to that of CoPS;¥’. Owing to the
composition-dependent electrocatalytic activities of the latter
high-entropy material, it was found that by varying the Co con-
tent relative to other components, the following favorable prop-
erties are achieved: the material could be arbitrarily shifted left or
right on the volcano plot”3. This results in the highest population
of active P and S sites for water dissociation and hydrogen
adsorption with enhanced kinetics while minimizing the deso-
rption energy barrier for adsorbed hydrogen intermediates to
ensure a bond breakage and release of gaseous hydrogen (Fig. 3d).
A similar mechanistic study has been reported earlier for
ammonia decomposition using a series of bulk Co,Mo,FeNiCu
(x + y=7) nanoparticles (non-2D) by tuning the Co/Mo ratios’*.

Given the earth-abundant non-precious elements employed in
the fabrication of 2D-electrocatalysts and the high level of com-
positional tunability, their application in (non-2D) catalysis is an
emerging field of research’>~78. In the 2D space, a recent study
synthesized and used a high-entropy 2D transition metal
dichalcogenide (MoWVNbTa)S, for electrocatalytic CO, capture
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and its conversion into CO%2. Aided by computational studies,
this high-entropy 2D material with equimolar transition metal
composition is first screened and verified regarding miscibility,
enthalpic and entropic stabilities and then synthesized and tested
for electrochemical performance. Figure 3e schematically shows
the stepwise process (from I to IV) of the CO, reduction reaction
at a transition metal site in (MoWVNbTa)S,%2. The following
steps are hypothesized based on the simulation and experiments:
(I'and II) as a CO, molecule approaches the surface, it adsorbs on
the transition metal with strong binding affinity, resulting in the
formation of COOH* and CO* reaction intermediates; (III and
IV) the reduced desorption energy barrier caused by the dis-
ordered (because of the high-entropy system) and neighboring
coordinated metal atoms facilitate the bond breakage of the
product (CO)7%7. There is also the possibility of CO* hopping
from stronger binding elements (W and Mo) to weaker binding
elements (for example, vanadium).

Outlook

Fundamentally, many questions are yet to be answered in this
new field of high-entropy 2D materials. Mechanisms that explain
the stability and performance of bulk high-entropy materials can
aid in providing insights. For example, the cocktail effect, which is
prominent in bulk materials and contributes significantly toward

property enhancement, may not be dominant in a 2D system as
demonstrated in high-entropy MXenes, which have been com-
putationally predicted to exhibit some short-range order of atoms
in different atomic planes3’, which still requires experimental
verifications. In addition, those 2D systems synthesized via top-
down approaches have the presence of surface terminal groups
which can affect the electronic structure of the surface or edge-
site metallic species®”.

Another challenge is to identify stable compositions tailored to
specific applications. One approach to mitigate instability can be
introducing disorder in the non-metal sub-lattices, as a sub-
stitutional disorder in these sites will increase the entropy of
mixing. For example, adding fluoride salts to high-entropy oxides
led to greater stabilities and higher working potentials (3.4 V vs.
Li*/Li) for cathode materials®!. Similar mixing, in principle, is
adaptable to other systems such as 2D chalcogenides. Mixing in
non-metal such as in 2D transition metal borocarbonitrides
(B:C,)N.) with B, C, and N, all forming an alloy in the non-
metallic sublattice can be functionalized toward efficient hydro-
gen storage and carbon sequestering®2. A potential avenue for
high-entropy 2D materials is envisioned for selective ion-sieving
and sensing applications. Specifically, with tailorable basal atomic
plane activity, the effects of fermi energy and spillover phenom-
ena observed in high-entropy alloys can be better understood at
the nanoscale to develop highly efficient sensing devices®3. The
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5. Conclusions and Outlook

The current Ph.D. thesis has focused on the exploration and potential applications of 2D
nanolamellar materials in the context of the water-energy nexus. Specifically, we have
investigated using select 2D layered materials as electrode materials for electrochemical
water desalination, energy storage, and conversion.

After briefly introducing major desalination technologies currently employed worldwide,
namely, thermal and membrane processes, the thesis has focused on electrochemical water
desalination. The latter technology, which was first conceptualized in 1960, has ever since
undergone major modifications both in terms of the electrode materials employed as well as
the cell geometries developed. The electrode materials employed in electrochemical
desalination research can be broadly categorized into three generations: (1%) carbon
materials, (2"Y) battery materials, and (3) electrocatalytic materials. Cell geometries,
likewise, have evolved over the past few decades: from stagnant simple solid electrodes in a
single-channel cell to flowing slurry electrodes in a multi-channel cell. Such a diverse menu of
options then allows one to choose the right electrode materials, cell geometries, and
operational conditions depending on the application in mind.

Once the foundation of the thesis is laid by reviewing a brief history of different electrode
material types in electrochemical desalination research, a typical desalination setup, and its
workings are introduced together with key performance metrics commonly reported in
literature. Specifically, the desalination capacity, charge efficiency, energy consumption, and
selectivity metrics are defined and expressed in the form of mathematical relationships. The
thesis then turns to 2D materials as electrodes for electrochemical desalination. By focusing
on MXene, a pseudocapacitive material, we demonstrated its unique capacitor-like
electrochemical response achieved through ion intercalation. Through systematic
investigations, this work evaluates the salt removal capacity, long-term stability, and
structural changes of MXene during electrochemical cycling.

Further exploration of the 2D layered MXene material, this time in a multi-ionic electrolyte
instead of a single-salt aqueous environment, sheds light on the ion intercalation dynamics in
the layered MXene material. The time-dependent selective behavior of MXene in the
desalination of a select group of alkaline and alkaline earth cations has shown how the cations

give way to one another over the course of a desalination half-cycle, giving rise to ‘kinetic’
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selectivity. By use of a powerful in-situ online monitoring instrument, we provide insights into
the relationship between MXene properties and its electrochemical desalination behavior.
We then expanded the scope beyond MXene and explored the potential of its sibling
materials, such as MBene (transition metal boride) and transition metal dichalcogenides. We
show-cased how these materials exhibited promise as electrodes for energy storage: MBene
for lithium-ion battery and energy conversion and MXene-transition metal dichalcogenide
hybrids as electrocatalysts for hydrogen production from water. The latter hybrid material was
obtained through sulfidation heat treatment of MXene to sacrificially convert it into transition
metal dichalcogenides, resulting in unique heterostructure morphologies. Future research can
focus on optimizing the synthesis and structural engineering of 2D nanolamellar materials to
enhance their performance and stability. The emerging field of functional two-dimensional
high-entropy materials offers a great degree of structural tunability which can lead to
significant advancements in electrochemical water desalination systems, energy storage, and
energy conversion applications.

At the time of writing the current thesis, the electrochemical desalination research has
advanced far beyond the once-envisioned ‘desalination’ application, meaning, mere sodium
chloride removal from aqueous media. The electrochemical desalination technology indeed
becomes economically more viable in salt removal from feedwaters of low salinity levels than
thermal or membrane desalination processes. However, the entry-level costs to shut down
the thermal or membrane desalination plants already in operation, and to replace them with
new desalination plants based on electrochemical methods, might well outweigh the
economic benefits of the latter in any short- or medium-term analysis. As a result, the water
desalination policy-making might be reluctant to move toward the large-scale deployment of
electrochemical desalination plants and instead be inclined more toward maintaining the
status quo.

In the eyes of the author, the niche market for electrochemical methods of water treatment
lies, therefore, in the realm of selective capture of target species. The latter could be either
the selective removal of toxic ionic species such as lead, arsenic, and uranium, among others,
or the value-added elements such as lithium, cobalt, or rare earth elements. Lithium, in
particular, is of great economic value and strategic importance for the decades to come, given
the rate of spread of electric vehicles and portable electronics. While lithium reserves in

terrestrial sources are estimated to be 98 million tons, marine sources offer a virtually
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unlimited supply estimated to be 260 billion tons. Given the lithium content in the latter
source is very dilute (around 0.2 ppm) and co-exists with numerous competing ions, highly
selective electrochemical methods need to be developed to extract lithium in significant
concentrations that make the process economically feasible as well as environmentally
sustainable. Figure 29 schematically illustrates such a selective electrochemical method to
capture value-added ionic species from different sources. Lithium sources with higher lithium
content can be found in salt lakes, mining wastewaters, or in the leaching solution of spent
lithium-ion batteries. The aqueous solutions from the latter sources are often far from neutral
pH and also contain many other competingions. As such, the development of robust electrode
materials with long service lives that can handle such harsh conditions is of utmost

importance.
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Figure 29: Schematic illustration of selective recovery of value-added elements from different

aqueous sources.

A huge untapped potential also lies in the so-called ‘fuel cell desalination’ system, where
hydrogen is used as a fuel to drive the salt ions away from the seawater, resulting in water
desalination and generation of electricity at the same time. This concept can help mitigate the
intermittent nature of renewable energy generation by peak shaving and load shifting. That
is, the excess electricity generated during the day is converted into hydrogen fuel using an
electrolyzer. The hydrogen fuel is later consumed by a fuel cell desalination unit during peak
energy demand hours to generate clean water and electricity. Challenges associated with such
a concept would be the costly platinum-based electrodes in a fuel cell desalination setup, as

well as the electrodes’ susceptibility to being poisoned by impurities in the fuel. As such, the
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development of versatile electrocatalysts beyond platinum, which are cheap and are capable
of processing fuels beyond hydrogen, such as syngas (mixture of hydrogen and carbon
monoxide) or methane, is imperative toward the successful deployment of such sustainable

water-energy nexus solutions.
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6. Abbreviations

AEM
CE
CEM
CNT
CDI
DC
DMSO
E
ED
EDX

HER
HCl
HF

IUPAC

ILeak

MED

MSF

mM
MnNacl
Mggta)

OER
OoLC

RO
RED
SEC
SEM

TBAOH
TMD
VCD

w/o
XRD

Anion exchange membrane

Charge efficiency

Cation exchange membrane

Carbon nanotube

Capacitive deionization

Desalination capacity

Dimethyl sulfoxide

Electrode potential

Electrodialysis

Energy-dispersive X-ray spectroscopy
Elementary charge, 1.60217663 x 10 C
Faraday constant, 96485 C mol?

Hydrogen evolution reaction

Hydrochloric acid

Hydrofluoric acid

International Union of Pure and Applied Chemistry
Current

Leakage current

Boltzmann constant, 1.380649 x 102 m? kg s K2
Multiple-effect distillation

Multi-stage flash distillation

Millimolar, 1 x 10 mol L*

NaCl molar mass, 58.44 g mol?

Total mass of both negative and positive electrodes combined
Avogadro constant, 6.02214076 x 10?> mol*
Oxygen evolution reaction

Onion-like carbon

Electrical charge

Reverse osmosis

Reverse electrodialysis

Specific energy consumption

Scanning electron microscopy
Tetrabutylammonium hydroxide

Transition metal dichalcogenide

Vapor compression distillation

With

Without

X-ray diffraction

Flow rate
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