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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. 
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Zusammenfassung 

Elektrochemische Wasserentsalzung ist eine vielversprechende Technologie, die für ihre hohe 

Effizienz und ihren geringen Energieverbrauch bei der Entfernung von Ionen aus wässrigen 

Medien bekannt ist. Die vorliegende Arbeit beginnt mit der Erläuterung der Grundlagen eines 

typischen elektrochemischen Wasserentsalzungssystems und der Darstellung relevanter 

Leistungskennzahlen. Die Bedeutung und Einschränkungen 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 kondensatorähnliche elektrische Reaktion gekennzeichnet ist, die durch 

Ioneninterkalation erreicht wird. Anschließend wird der Nutzen von MXene bei der 

Verwendung als Elektrode bei der elektrochemischen Entsalzung sowohl für wässrige 

Lösungen mit einem Salz als auch mit mehreren Salzen untersucht, um schließlich qualitative 

Erkenntnisse über die Beziehung zwischen den Eigenschaften von MXen und seinem 

elektrochemischen Entsalzungsverhalten zu gewinnen. 

Letztlich erforscht die Arbeit auch MBene (Übergangsmetallborid) sowie die Derivatisierung 

von MXenen hin zu Übergangsmetalldichalkogeniden durch Sulfidierung für den Einsatz in der 

Wasserstoffelektrokatalyse untersucht. Die Ergebnisse dieser Studien können zur Entwicklung 

effizienterer und nachhaltigerer Technologien zur Energiespeicherung, -umwandlung und -

entsalzung beitragen.  
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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. 
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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. 
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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] 

 

 

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, 
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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] 

 

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] 

 

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: Illustration 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]): 

𝑆𝐸𝐶𝑚𝑖𝑛 =  −
𝜋𝑓

𝑅𝑤
ln (1 − 𝑅𝑤) (Eq. 1) 

where 𝜋𝑓 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]): 

𝜋 = 𝐶𝑀𝑅𝑇 (Eq. 2) 

where 𝐶𝑀  is the molarity of the solution, R is the ideal gas constant (8.314 
𝐽

𝐾𝑚𝑜𝑙
), T is the 

absolute temperature (K), and 𝜋 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). 

 
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 

Eq. (2) in Eq. (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 Brine 

Salt content 
(mass %) 

< 0.05 0.05-3 3-5 > 5 

Concentration 
(g/L) 

< 0.5 0.5-30 30-50 > 50 

Concentration 
(mM) 

< 10 10-500 500-900 > 900 

Typical 
sources 

Desalinated 
water, ponds, 

rivers. 

River/underground 
water, lakes 

Sea/ocean 
Water, salt 

lakes 

Desalination 
plants/mining 

rejection 

Uses 
Drinking and 
all irrigation 

Irrigation of certain 
crops 

Useful for most 
livestock 

Limited use for 
certain 

livestock 
Mining 

 

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.  

Desalination 
technology 

Water type 

Energy 
consumption 
(Wh/L or 
kWh/m3) 

Desalination 
capacity 
(m3/day 
freshwater 
produced) 

Water 
recovery 
ratio (%) 

Location Ref. 

MSF Seawater 20-38 N/A N/A Kuwait [74] 

MED Seawater 19.2 17,616 N/A Qatar [75] 

VCD Seawater 10-11 500 45 
Canary 
Islands, 
Spain 

[76] 

RO 
Brackish 

water 
1.8 8,660 60 

Adrar, 
Algeria 

[77] 

RO Seawater 3.4-3.8 41,000 40-60 
Maspalomas, 

Spain 
[78] 

Electrochemical 
desalination 

Brackish 
water 

0.55 3,600 79 
Shanghai, 

China 
[50] 

Electrochemical 
desalination 

Brackish 
water 

0.1-0.2 ~ 22 80 
Utrecht, The 
Netherlands 

[79] 

 

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. 

 

 

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. 

 

 
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. 

 

 
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 

(L × W × H) of ca. 12 × 8 × 8 cm3. 

 

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. 

 

 

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] 

 

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 21st century that electrochemical desalination research 

gained significant momentum. In 2003, composites made of carbon and titanium oxide (TiO2) 

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 (TiO2) drastically improves the desalination capacity from 9 mg 

to 17 mg NaCl per gram electrode.[96] Since the specific capacitance of the TiO2-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. TiO2-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. 

    

  

      

 

  

 

    

   

   

         

      

   
   



23 

 

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 (Na2Mn5O10) and silver-silver chloride (Ag/AgCl), in 2012.[102] The latter 

membrane-less cell was also sodium-selective among K+, Mg2+, and Ca2+ competing cations 

and chloride-selective versus SO4
2- 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 Ti3C2Tx[104] and V2CTx[105] that have previously shown promise as Li-ion battery anodes in 

organic media for electrochemical desalination in aqueous 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 MnO2,[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 Ti3C2Tx MXene with a 

low surface area of below 10 m2/g,[106, 117] in contrast to the high carbon surface area of 

around 1600 m2/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 Ti3C2Tx MXene employed as the negative electrode and porous activated 

carbon as the positive electrode for the desalination of aqueous 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 

Na4Mn9O18/activated carbon cell, which yields 31 mg/g desalinating capacity compared to 

14 mg/g in 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 Ti3C2Tx MXene/activated carbon cell is an example of a scenario 

since Ti3C2Tx 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 MoS2 

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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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:  

DC =  
𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 × 𝑆𝑎𝑙𝑡 𝑟𝑒𝑑𝑐𝑢𝑡𝑖𝑜𝑛 × 𝐶𝑦𝑐𝑙𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛

𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒𝑠 𝑚𝑎𝑠𝑠
  (Eq. 3) 

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.  

 

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 =  
𝜈

𝑚𝑡𝑜𝑡𝑎𝑙
∫ 𝐶 𝑑𝑡 (Eq. 4) 

where 𝜈 is the flow rate (L/s), 𝑚𝑡𝑜𝑡𝑎𝑙  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 =  
𝜈 𝑀

𝑚𝑡𝑜𝑡𝑎𝑙
∫ 𝐶 𝑑𝑡 (Eq. 5) 

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 𝑚𝑡𝑜𝑡𝑎𝑙  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/cm2) 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):  

CE = 
electronic charge that contributed to 𝑑𝑒𝑠𝑎𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛

𝑡𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 𝑐ℎ𝑎𝑟𝑔𝑒 invested 
 (Eq. 6) 

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 (%) =  
𝐷𝐶

𝑄/𝐹
× 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 NaCl).[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. 

Eq. (8) can be used to calculate the energy invested in removing a single salt molecule from 

the saline stream: 

Energy consumption per ion =  

𝑈𝑐ℎ𝑎𝑟𝑔𝑒

𝑚𝑡𝑜𝑡𝑎𝑙
 

𝐷𝐶 

𝑀𝑁𝑎𝐶𝑙

 (Eq. 8) 

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 

(kBT). At 25 C, 1 Wh would then be equal to 8.75 × 1023 kBT, Multiplication of 8.75 × 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 aqueous 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 

quantified 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, 𝛽, can be expressed following 

Eq. (9): 

𝛽𝐴/𝐵 = (
𝐶𝐴,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 – 𝐶𝐴,𝑓𝑖𝑛𝑎𝑙 

𝐶𝐵,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 – 𝐶𝐵,𝑓𝑖𝑛𝑎𝑙 
) (

𝐶𝐵,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 

𝐶𝐴,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 
) (Eq. 9) 

where 𝐶𝐴,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 and 𝐶𝐴,𝑓𝑖𝑛𝑎𝑙 refer to the concentrations of A ions in the beginning and at the 

end of the process, respectively; and 𝐶𝐵,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 and 𝐶𝐵,𝑓𝑖𝑛𝑎𝑙 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.  

𝛽𝐴/𝐵 = (
𝐶𝐴,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 – 𝐶𝐴,𝑓𝑖𝑛𝑎𝑙 

𝐶𝐵,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 – 𝐶𝐵,𝑓𝑖𝑛𝑎𝑙 
) (Eq. 10) 

A separation factor value near unity, therefore, means that the system is non-selective and 

removes both A and B ions indiscriminately. Values of 𝛽𝐴/𝐵  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 

their immediate 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 m2/g for graphene,[162] as compared with ~12 m2/g 

of its 3D bulk counterpart graphite or 100-400 m2/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 strong in-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] 
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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 Ti3AlC2 and Ti3C2Tx, respectively. Figure 18 

schematically shows the synthesis route to fabricate Ti3AlC2 MAX phase from its elemental 

precursors and its further processing to obtain Ti3C2Tx MXene and subsequent delamination. 

 

 

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

Ti3AlC2 MAX phase, Ti3C2Tx MXene, and finally delaminated Ti3C2Tx 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 Ti3C2Tx 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.  

 

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 Ti3C2Tx 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 Ti3C2Tx MXene fabrication routes from its parent 

MAX phase Ti3AlC2. 
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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 Ti3C2Tx MXene has shown that higher contents of -O functional groups lead to 

almost a two-fold increase in gravimetric capacitance of Ti3C2Tx MXene as supercapacitor 

electrodes in 1 M H2SO4 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-HCl 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 

Ti2CTx,[185] Ti3C2Tx,[186] and Ti3CNTx 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 Ti3C2Tx MXene, 

for instance, has been used as additives in perovskite solar cells with improved 

performance,[189] in triboelectric generation,[190] or in hydrogen evolution 

electrocatalysis.[191] 

 

Table 3: Summary of different etching methods to convert Ti3AlC2 MAX into Ti3C2Tx MXene.  

                                   
 
    . 

Wet chemical 
etching 

H  (5  mass %) 
HCl (6 M)   Li  

H  (   mass %)   LiCl 

 5 °C,   h 
4  °C, 45 h 
 5 °C,  4 h 

‐ H, ‐ , ‐  
[   ] 
[   ] 
[  4] 

Molten salt 
CuCl  
ZnCl  

 5  °C,  4 h 
55  °C, 5 h 

‐Cl  
[  5] 
[  6] 

Ionic liquid EMIMB 4 8  °C,    h ‐ , ‐ H (after wash) [   ] 

Halogen etching 
I  (s) 

I  (s), Br  (l), Icl (l), Ibr (s) 
    °C, 4 d 

‐ 8‐   °C, 4‐8 h 
‐ , ‐ H (after wash) 

‐I, ‐Br 
[  8] 
[   ] 

Electrochemical   M aqueous HCl ‐ .6 V, 5 d ‐Cl, ‐ H, ‐  [   ] 

Alkali etching   .5 M Na H     °C,    h ‐ H, ‐  [   ] 
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Most of the etching techniques listed in Table 3 can also be employed to etch MAX phases 

other than Ti3AlC2, such as HF etching of Ti2AlC MAX into Ti2CTx MXene,[171] HCl + LiF etching 

of V2AlC MAX into V2CTx MXene,[202] or molten salt etching of Nb2AlC MAX into Nb2CTx 

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 Ti3AlC2 MAX phase when treated with HF etching and HCl + LiF etching 

routes. Nuclear magnetic resonance studies on the resulting Ti3C2Tx 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 Å for the HCl + LiF etched sample 

compared to that of HF-etched MXene at around 19-20 Å.[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 Å to 25.0 Å 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 SiO2-

pillared Ti3C2Tx 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 Ti3AlC2 MAX phase precursors at 1400 °C,[214] instead of commonly 2 h,[215] 

has resulted in MAX phase flake sizes of up to 75 µm. 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. 

  



38 

 

Figure 20: Schematic representation of the degree of control over MXene’s lateral size by the 

magnitude of mechanical energy applied after etching with HCl/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 Ti3C2Tx MXene 

(HF-etched Ti3AlC2) were shown to have been effective in stable electrochemical desalination 

of 5 mM 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 Ti3C2Tx 

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. 

Electrode 

material 

Additive 

(mass%) 

BET SSA 

(m2/g) 

DC 

(mg/g) 

NaCl concen-

tration 

(mM) 

Electrolyte 

flow rate 

(mL/min) 

Cell voltage 

(V) 
Layered status 

Membran

e 
Ref. 

Ti3C2Tx - 6 13 5 22 1.2 Multilayered - [106] 

Mo1.33CTx CNT: 10 30 5/9/15 5/50/600 15 0.8 
Delaminated by 

TBAOH* 
- [8] 

Cryo-dried 

Ti3C2Tx 

Super P: 10 

PVDF: 10 
293 45 171 40 1.2 

Delaminated by 

chloroform 
- [108] 

LiF/HCL-etched 

Ti3C2Tx 
- 2 68 10 20 1.2 

Delaminated by 

LiF/HCl 
- [221] 

N-doped 

Ti3C2Tx 

Super P: 10 

PVDF: 10 
369 44 86 30 1.2 

Delaminated by 

chloroform 
- [219] 

Pre-

conditioned 

Ti3C2Tx 

OLC**: 10 

PTFE: 5 
N/A 

9.2 

(max) 
10 5-20 1.2 Multilayered 

AEM + 

CEM*** 
[222] 

*TBAOH: tetrabutylammonium hydroxide 

**OLC: 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. 

Cathode 

(negative 

electrode) 

Additives for 

cathode 

(mass %) 

Anode 

(positive 

electrode) 

Additives 

for anode 

(mass %) 

BET SSA of 

cathode 

(m2/g) 

DC 

(mg/g) 

CE 

(%) 

NaCl 

concen-

tration 

(mM)  

Electrolyt

e flow 

rate 

(mL/min) 

Cell 

voltag

e (V) 

Layered 

status 

Me

m-

bra

ne 

Ref. 

Ti3C2Tx - 
Activated 

carbon 

Acetylene 

black: 10 

PVDF: 10 

N/A 72 N/A 5 50 1.6 

Delaminate

d by LiF/HCl 

+ DMSO* 

AE

M + 

CE

M 

[223] 

Ti3C2Tx CNT: 10 
Activated 

carbon 
PTFE: 5 7 12/8 85 20/600 2 

0.9 

(0.3-

1.2) 

Multilayere

d 

w & 

w/o 

AE

M 

[117] 

NaOH-

intercalated 

Ti3C2Tx 

Super P: 10 

PVDF: 10 

Activated 

carbon 

Super P: 

10 

PVDF: 10 

N/A 12/16 
83/

77 
2/9 25 1.2 

Multilayere

d 
- [224] 

NaOH-

intercalated 

Ti3C2Tx 

PTFE: 5 
Activated 

carbon 
N/A 49 16 80 2 N/A 1.2 

Delaminate

d by LiF/HCl 

+ freeze-

dried 

- [217] 

NaOH-

intercalated 

Ti3C2Tx 

Carbon 

black: 10 

PTFE: 5 

Activated 

carbon 
N/A N/A 15 81 2 10 1.2 

Multilayere

d 
- [218] 

* DMSO: dimethyl sulfoxide 
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As observed in the latter tables, Ti3C2Tx 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, M2AB2, M2A2B2, M3AB4, and M4AlB6.[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 MoAlB 

as a model MAB phase. One of the advantages of MBenes over MXenes is the less harsh 

etching conditions required for their fabrication. Dilute HCl has been proven efficient in a near-

complete Al removal from Cr2AlB2 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. 

 

 
Figure 21: Step-by-step representation of MoAlB synthesis procedure and subsequent NaOH 

etching. 

 

 
Figure 22: (A) Schematic representation of MoAlB (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 MoAlB MAB 

phase with tightly stacked layers, reminiscent of MAX phases.[247] We have then treated the 

MoAlB 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 

MoAlB exfoliate while forming cavities. We performed energy-dispersive X-ray (EDX) analysis 

(Table 6) on the MoAlB 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 MoAl1-xB, 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. 

 
Figure 23: Scanning electron micrographs of (A) pristine MoAlB 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. 

                 

MAB 46±4 46±4 8±6 ‐ 

Na H‐ d 4 ±  44±   6±5 ‐ 

Na H‐ d  4±4 44±5   ±4 <  

Na H‐4d   ±5 4 ±   5±   ‐ 
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Although the MoAlB 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. 

 
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). 

 

 

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, Tx) 

of Ti3C2Tx, Ti2CTx, Mo2CTx MXenes, has shown that electrocatalytic activities significantly 

improve by minimizing fluorine groups and maximizing oxygen groups.[264] Delamination of 

Mo2CTx 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] MoS2 was theoretically 

studied, and it was found that hydrogen atoms can bind to MoS2 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 MoS2, 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, MoS2 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  D materials (up to  4∙  3 S/cm in the case of Ti3C2Tx[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 H2S 

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 Mo2TiC2Tx/MoS2,[290] Mo2CTx/MoS2,[291] and Ti3C2Tx/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] 

 

Figure 26: Direct sacrificial conversion of Nb2C MXene into niobium sulfide upon heat 

treatment of MXene under H2S 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 %; 

(II) 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]:  

𝛥𝑆𝑐𝑜𝑛𝑓𝑖𝑔 = −𝑅 ∑ 𝑥𝑖 𝑙𝑛𝑥𝑖𝑖  (Eq. 11) 

where R is the ideal gas constant, and 𝑥𝑖  is the mole fraction of the 𝑖th metallic component. 

Examples include multi-principal-element high-entropy M4C3Tx MXenes such as TiVNbMoC3Tx 

and TiVCrMoC3Tx 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. 

 

Figure 27: Schematic illustration of 2D materials with low to high configurational entropies, 

adapted with permission from Ref.[233] 
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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 CoPS3 is tuned by optimizing the sulfur sites on the edges and phosphorus sites on the 

basal planes of its high-entropy counterpart, that is, Co0.6(VMnNiZn)0.4PS3.[306] As a result, 

Co0.6(VMnNiZn)0.4PS3 was found to exhibit over 15 times enhanced catalytic activity for the 

HER compared to CoPS3, with overpotential values decreased from around 200 mV for the 

latter to 66 mV for the former (at a current density of 10 mA/cm2). 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 MoWVNbTaS2, for electrocatalytic CO2 capture and its conversion into 

CO.[307] It has been shown that when a CO2 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 Ti1.1V0.7CrxNb1.0Ta0.6C3Tx 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 Ti3C2Tx 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 (Ti1/3V1/6Zr1/6Nb1/6Ta1/6)2CxN1–x 

MXene.[317]  

  



51 

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 Nb2CTx and 

Nb4C3Tx, 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 (MoAlB and Mo2AlB2), 

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 

Refs.[82, 117, 233] 
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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: (1st) carbon 

materials, (2nd) battery materials, and (3rd) 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 competing ions. As such, the development of robust electrode 

materials with long service lives that can handle such harsh conditions is of utmost 

importance.  

 
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 Anion exchange membrane 
CE Charge efficiency 

CEM Cation exchange membrane 
CNT Carbon nanotube 
CDI Capacitive deionization 
DC Desalination capacity 

DMSO Dimethyl sulfoxide 
E Electrode potential 

ED Electrodialysis 
EDX Energy-dispersive X-ray spectroscopy 

e Elementary charge, 1.60217663 × 10-19 C 
F Faraday constant, 96485 C mol-1 

HER Hydrogen evolution reaction 
HCl Hydrochloric acid 
HF Hydrofluoric acid 

IUPAC International Union of Pure and Applied Chemistry 
I Current 

ILeak Leakage current 
kB Boltzmann constant, 1.380649 × 10-23 m2 kg s-2 K-2 

MED Multiple-effect distillation 
MSF Multi-stage flash distillation 
mM Millimolar, 1 × 10-3 mol L-1  

MNaCl NaCl molar mass, 58.44 g mol-1 
mtotal Total mass of both negative and positive electrodes combined 

NA Avogadro constant, 6.02214076 × 1023 mol-1 
OER Oxygen evolution reaction 
OLC Onion-like carbon 

q Electrical charge 
RO Reverse osmosis 

RED Reverse electrodialysis 
SEC Specific energy consumption 
SEM Scanning electron microscopy 

TBAOH Tetrabutylammonium hydroxide 
TMD Transition metal dichalcogenide 
VCD Vapor compression distillation 

w With 
w/o Without  
XRD X-ray diffraction 

ν Flow rate 
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