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Abstract 

Ion intercalation materials are emerging as a highly attractive class of electrodes for efficient energy 

water desalination. Most materials and concepts so far have focused on the removal of cations 

(especially sodium). Anion intercalation, however, remains still poorly investigated in water 

desalination. We present a study on Mo1.33C-MXene capability of removing cations and anions and 

demonstrate the desalination performance in brackish water concentration and sea water 

concentration. Mo1.33C-MXene was prepared via acid treatment of the transition metal carbide MAX 

phase (Mo2/3Sc1/3)2AlC. Binder-free electrodes were obtained by entangling MXene with carbon 

nanotubes and tested without the use of any ion exchange membrane at low (5 mM NaCl) and high 

(600 mM NaCl) salt concentrations. Such electrodes showed a promising desalination performance of 

15 mg/g in 600 mM NaCl with high charge efficiency up to 95 %. By Employing chemical online 

monitoring of the effluent stream, we separate the cation and anion intercalation capacity of the 

electrode material. 
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Introduction 

Capacitive deionization (CDI) is a promising water treatment technology for the efficient 

energy desalination of saline media with a low salt content (esp. below 20 mM), such as 

brackish water.1 A conventional CDI cell accomplishes desalination of an in-flowing stream 

through ion electrosorption by the formation of an electrical double layer at fluid/solid 

interfaces between saline medium and the nanoporous carbon electrode. So far, various 

carbon materials have been explored as CDI electrodes,2 such as activated carbon,3-4 carbon 

cloth,5 carbon aerogel,6 or graphene7. However, values for the maximum salt removal 

capacities of optimized carbon nanomaterials seem to saturate at about 15-25 mg/g at a cell 

voltage of 1.2 V. While novel cell designs try to overcome this limitation by use of ion exchange 

membranes8-10 or suspension electrodes11-13, the search for electrode materials beyond 

carbon is actively pursued.14 

Transitioning from conventional capacitive carbon for CDI to Faradaic materials allows ions 

intercalation in the crystal structure of the electrode. Some two-dimensional (2-D) materials 

such as transition metal dichalcogenides (TMDs) like MoS2 (Ref. 15-16) or transition metal 

carbides (MXenes)17-19 may show the electric charge vs. potential profile of a capacitor and 

are thereby called pseudocapacitive.20-21 By this way, the material accomplishes capacitor-like 

energy storage behavior albeit the energy storage process is fully Faradaic (ion intercalation); 

this is in contrast to the non-Faradaic process of ion electrosorption at electrically charged 

surfaces (conventional CDI and electrical double-layer capacitors).21-24 Such materials also 

allow to overcome the intrinsic preference of CDI operation for low molar concentrations: 

during ion electrosorption, charge is invested to expel ions with the same charge as the 

electrode (co-ions) and permselective desalination of only counter-ions (opposite charge than 

electrode) onsets after depletion of carbon nanopores from co-ions. Accordingly, high molar 

systems, such as supercapacitors, only show a change of the co-ion / counter-ion ratio, but fail 

to accomplish actual desalination of the surrounding saline medium.25-26 Intercalation 

materials, however, overcome this limitation in absence of ion exchange membranes by 

allowing removal permselective ion at high efficiency even at high molar strength 

(demonstrated up to 500 mM NaCl; Ref. 15). By this way, Faradaic deionization is a highly 

promising technology for energy efficient desalination of sea water or industrial waste water 

far above the salinity level of brackish water.14, 27 
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Some novel concepts for electrochemical desalination with Faradaic electrode materials use 

asymmetric cell designs. The desalination battery, for example, relies on Na2Mn5O10, 

Na2FePO4, or NaTi2(PO4)3 for sodium removal (via ion intercalation; Ref. 28-30) and Ag or BiOCl 

for chloride removal (via conversion reaction; Ref. 31-33). TMDs and MXenes, however, show 

the ability to insert cations or anions, but possibly with different uptake capacities. Yet, the 

slightly negative charge of many MXenes34-35 makes the material less attractive to remove 

chloride and more effective for sodium removal.18 TMDs like MoS2 have a point of zero charge 

closer to the fully discharged state and are more suitable for anion and cation removal. 

Compared to the removal of anions by a conversion reaction (like Ag/AgCl),31 their removal by 

intercalation remains much less explored.15, 18 Anion intercalation, however, is well known for 

materials like graphite36-37 and very attractive for desalination technologies. 

MXenes are a group of fast growing 2-D materials having high potential in many applications,19 

such as energy storage (e.g., batteries and supercapacitors),38-39 energy conversion (e.g., solar 

cells and fuel cells),40-41 membranes,42-44 and water desalination45-46. MXene synthesis and 

processing can capitalize on existing ceramic manufacturing and is intensively explored for 

commercial application.47 Motivated by our recent study on the use of a MXene (namely: Ti3C2 

MXene clay),18 we now introduce Mo1.33C for water desalination. This MXene originates from 

a family of 2-D atomic laminates with in-plane chemical order, coined i-MAX,48 which after 

etching allows synthesis of a MXene with ordered divacancies.49 We provide first data of 

MXene at high molar strength from 5 mM to 600 mM and operate the 2-D material as binder-

free electrodes in absence of any ion exchange membrane. By use of online monitoring of the 

chemical composition of the out-flowing water stream leaving the desalination cell with 

optical emission spectroscopy, we show to the ability of this MXene to intercalate sodium and 

chloride at the negative and positive electrode, respectively. We chose this MXene as the 

unique synthesis from the parent (Mo2/3Sc1/3)2AlC with hydrofluoric acid yields a material with 

similar specific capacitance (unit: F/g) related to anion and cation intercalation. Other MXenes 

are known to show a significant chemical charge which offset the point of zero charge and 

modifies, thereby, the ability to uptake cations or anions.49 The point of zero charge of Mo1.33C 

MXene near 0 V should translate for a symmetric cell to a similar desalination capacity for 

anions and cations, when normalized to the number of intercalated ions. 
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Experimental description 

Materials and synthesis 

The (Mo2/3Sc1/3)2AlC MAX phase was synthesized by following previous work (Ref. 49). Briefly, 

graphite (99.99 %, Sigma-Aldrich), molybdenum (99.99 %, Sigma-Aldrich), aluminum (99.8 %, 

Sigma-Aldrich), and scandium (99.99 %, Stanford Advanced Material) were mixed in an agate 

mortar with the Mo:Sc:Al:C stoichiometric ratio of 1.33:0.67:1:1. The mixture was transferred 

into an alumina crucible and placed inside an argon flow furnace. The sample was heated to 

1500 °C and held for 20 h. After cooling the sample to room temperature in the furnace, a 

loosely packed MAX powder was obtained. 

To prepare Mo1.33C MXene, the as-prepared MAX phase was crushed and sieved through a 

450-mesh sieve (particle size <30 µm). 1 g of sieved MAX was etched in 20 mL of concentrated 

HF (48 %, Sigma-Aldrich) and continuously stirred for 24 h. Thereafter, the suspension was 

filtered and dispersed in water. This process was repeated for five times to remove remaining 

acid and residual reaction products. The sample on the filter was then dried at room 

temperature for 12 h. For exfoliation of MXene sheets, 100 mg of etched MAX material was 

put in a centrifuge tube, containing 1 mL of tetrabutylammonium hydroxide (TBAOH). The 

solution was shaken manually for 5 min and centrifuged at 6000 rpm for 5 min to remove the 

supernatant. The remaining TBAOH was removed by adding water and careful rinsing for three 

times. 

Material characterization 

X-ray diffraction (XRD) experiments were conducted employing a D8 Advance diffractometer 

(Bruker AXS) with a copper X-ray source (Cu-Kα, 40 kV, 40 mA) and a nickel filter. 

Measurements were conducted with a 2-D detector (VANTAC). 

Scanning electron microscopy (SEM) was carried out on a JEOL JSM 7500F field emission 

scanning electron microscope (JEOL, Japan) operating at 3 kV. Energy dispersive X-ray 

spectroscopy (EDX) was carried out at 10 kV in the system with an X-Max Silicon Detector from 

Oxford Instruments using AZtec software. Transmission electron microscopy (TEM) was 

carried out with a JEOL JEM-2100F system operating at 200 kV in vacuum. Sample material 

was dispersed and sonicated in ethanol, and drop casted in copper grid with carbon film. 
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Nitrogen gas sorption analysis (Supporting Information, Fig. S1) was conducted with a 

Quantachrome Autosorb iQ system. The samples were degassed at 200 °C for 1 h and heated 

up to 300 °C. To remove volatile surface molecules, this temperature was kept for 20 h at a 

relative pressure of 0.1 Pa. The nitrogen gas sorption analysis was carried out in liquid nitrogen 

at -196 °C. The relative pressure of nitrogen was increased from 5∙10-7 to 1.0 in 76 steps. The 

calculation of specific surface area (SSA) was performed with the Brunauer-Emmett-Teller 

equation (BET) in the linear low-pressure regime of the measured isotherms. As can be seen 

from Fig. S1, the Mo1.33C MXene and Mo1.33C-CNT material is of very small external surface 

area (BET SSA of ca. 1, and x m2/g). 

Electrode preparation 

We used a binder-free electrode for all electrochemical measurements (Supporting 

Information, Fig. S2) which was prepared as follows. 90 mg Mo1.33C MXene flakes, achieving 

from TBAOH treatment, were mixed with 300 mL of water and sonicated while stirring in an 

ice-bate for 10 min. In parallel, 5 mg of multiwall carbon nanotubes (CNTs, Nonacyl NC7000) 

was added to 100 mL ethanol and sonicated for 20 min. Then, the Mo1.33C MXene and CNTs 

mixtures were mixed and further sonicated for 10 min. The Mo1.33C-CNT dispersion was 

filtered through a porous spacer (glass fiber pre-filter, Millipore, compressed thickness of a 

single layer is 380 µm). Another 5 mg of CNTs was dispersed in 100 mL ethanol and sonicated 

for 20 min. The CNT dispersion was filtered through the previous Mo1.33C-CNT electrode. The 

resulting electrode was dried overnight at 60 °C in the oven. The total mass of CNT in the 

electrode was in the end 10 mass%. The CNTs in the MXene layer prevent the restacking of 

the layer and avoid loss of MXene to the inflowing water stream during the later desalination 

application. The only-CNT-layer helps the electrical conductivity of the electrode. The overall 

small amount of CNTs has also only a small impact on the electrochemical performance (2-

4 F/g of the total electrode’s capacitance may stem from the nanotubes). 

Electrochemical measurements 

Three-electrode (half-cell) electrochemical measurement were conducted in custom-build cell 

outlined in Ref. 50. A disc of the Mo1.33C-CNT electrode with diameter of 12 mm (mass loading 

of 1.2 mg) was used as the working electrode and graphite sheet (SGL carbon) was selected as 

a current collector for working and counter electrodes (diameter of 12 mm). As a counter 

electrode, 15 mg of activated carbon (YP80-F, Kuraray) with polytetrafluoroethylene (PTFE) 
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was selected. The detail for carbon electrode preparation can be found in our previous work 

in Ref. 51. For cell assembling, the graphite electrode was first placed in the cell following by 

carbon electrode, 13 mm diameter separator (GF/A, Whatmann), Mo1.33C-CNT, and graphite 

current collector. The cell was tightly packed by spring loaded titanium piston. The Ag/AgCl 

(3 M KCl, BASi) reference electrode was mounted at the side channel of the cell, where porous 

frit of reference electrode was close to the working and counter electrode. As an electrolyte, 

1 M NaCl was filled into the cell via vacuum backfilling with a syringe. 

The electrochemical measurement was conducted with a VMP300 potential stat /galvanostat 

(Bio-Logic). A cyclic voltammetry and galvanostatic cycling were employed with positive and 

negative polarization starting from 0 V vs. Ag/AgCl. For the positive polarization, Mo1.33C-CNT 

electrode was limited potential at +0.6 V vs. Ag/AgCl while -0.7 V vs. Ag/AgCl was a limiting 

potential for negative polarization. For galvanostatic cycling technique, Mo1.33C-CNT electrode 

was applied at different specific current (0.1-10 A/g). The specific capacitance (Csp) was 

calculated by using Eq. (1): 

𝐶𝐶𝑠𝑠𝑠𝑠 = 1
𝑈𝑈∙𝑚𝑚 ∫ 𝐼𝐼𝐼𝐼𝐼𝐼𝑡𝑡2

𝑡𝑡1
 Equation (1) 

where I is the applied current, 𝐼𝐼2 − 𝐼𝐼1 is the time per half-cycle, U is the potential different 

during polarization (excluding the iR drop), and 𝑚𝑚 is the total mass of the working electrode. 

Two-electrode electrochemical characterization (full-cell configuration) was carried out using 

the same cell as three-electrodes (half-cell) experiment. Two Mo1.33C-CNT electrodes with 

diameter of 12 mm (total mass 1.4 mg) were separated by a separator with 13 mm in 

diameter. Graphite sheets (12 mm diameter) were employed as current collector. After tightly 

assembling the cell, 1 M NaCl was injected to the cell by vacuum backfilling. This concentration 

was chosen to avoid any ion starvation during the experiment; for more information on the 

correlation between capacitance and ion concentration, see Ref. 9. To record cyclic 

voltammograms, we scanned the cell voltage from 0 to 1 V with sweeping rate of 5 mV/s. The 

cell was charged and discharged with different specific currents, ranging from 0.1 A/g to 

10 A/g with cell voltage between 0 and 1 V. To measure potential at zero charge, a Ag/AgCl 

spectator reference was present in the cell. By this way, the individual potential of each 

electrode was measured during galvanostatic cycling experiment. The specific capacitance Csp 

was calculated according to Ref. 52. 
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Desalination measurements 

For desalination experiments, the electrode preparation was the same as electrode for 

electrochemical analysis. The binder-free Mo1.33C-CNT electrodes were assembled in a flow-

by cell described in Ref. 18. The CDI stack was built from graphite current collectors with 

attached to Mo1.33C-CNT electrodes. The total mass of electrode including CNT was 300 mg 

with a thickness of 5 µm (Supporting Information, Fig. S1). Afterwards, the cell was tightly 

closed to avoid the leakage during measurement. 

The electrochemical desalination measurements were carried out with two symmetric pairs 

of electrodes where no ion exchange membranes or binder were used. The total electrolyte 

flow rate was 15 mL/min. Desalination (charging) and salination (discharging) steps were 

carried out using constant potential mode with a cell voltage of +0.8 V and regeneration was 

accomplished at 0 V. Note that most CDI works with carbon electrodes use 1.2 V as the cell 

voltage; such high cell voltages were not suitable for the present electrode material per 

consideration of the electrochemical stability window. This is in alignment with our previous 

work on molybdenum disulfide.15 For all electrochemical operations, we used a VSP300 

potentiostat/galvanostat (Bio-Logic) and the duration of each half-cycle was 40 min to ensure 

near-equilibrium conditions. All experiments were carried out with a concentration of 5 mM, 

50 mM, or 600 mM NaCl solution in a 10 L electrolyte tank and the saline medium was de-

aerated by flushing nitrogen gas. This was done to limit the dissolved oxygen in the solution 

and allows comparison with the current CDI literature on carbon electrodes without ion 

exchange membranes.1 The salt removal capacity and the measured charge were defined per 

total mass of electrode material (i.e., Mo1.33C MXene and CNTs) and were calculated following 

our previous works (Ref. 15, 18). 

Online ICP-OES monitoring of the desalination process 

Two stacked electrode pairs containing Mo1.33C-CNT were assembled in the CDI cell. The 

adsorption and desorption steps were conducted via chronoamperometry. During charging, 

constant voltage of 0.8 V was applied and held for 40 min. Afterwards, the cell was discharged 

at a constant cell voltage of 0 V and held for 40 min. For inductively coupled plasma optical 

emission spectroscopy (ICP-OES) experiments, the flow rate was 2.5 mL/min to enhance the 

signal-noise ratio. The saline solution was 5 mM NaCl with a reservoir tank volume of 10 L, 

which was flushed continuously with N2 gas to remove dissolved oxygen. To detect the 
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effluent ion concentration, 2 mL/min of solution was constantly extracted from the outlet 

stream of the cell by the peristatic pump of the system (ARCOS FHX22, SPECTRO Analytical 

Instruments). The online intensities from extracted sample were converted into concentration 

profiles. The ion removal capacity was calculated for sodium and for chlorine individually using 

Eq. (2): 

𝐼𝐼𝐼𝐼𝐼𝐼 𝑟𝑟𝑟𝑟𝑚𝑚𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 𝑐𝑐𝑟𝑟𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐𝐼𝐼𝑐𝑐 � 𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖
𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑒𝑒𝑒𝑒

� = 𝑣𝑣∙𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖
𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑒𝑒𝑒𝑒

∫ 𝑐𝑐𝐼𝐼𝐼𝐼 Equation (2) 

where 𝑟𝑟 is flow rate (2.5 mL/min), 𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖 is the molecular weight of ion species (Na: 23 g/mol, 

Cl: 35.4 g/mol), m is mass of either positive or negative electrode (mg), c is the ion 

concentration of outlet stream (mol/L), and t is ion removal time (min). 

 

Results and discussion 

Mo1.33C MXene was synthesized following the protocol published in previous work.49 After HF 

etching of the ternary metal carbide precursor (Mo2/3Sc1/3)2AlC and tetrabutylammonium 

hydroxide (TBAOH) intercalation, the resulting MXene shows wrinkle layers morphology 

(Fig. 1A) with a grain size larger than 20 µm. Thin-layer Mo1.33C MXene is shown in Fig. 1B, 

indicating successfully delamination of multilayer Mo1.33C MXene. Chemical analysis via 

energy dispersive X-ray spectroscopy (EDX) shows small intensity of Al and Sc (Fig. 1C), 

indicating that most of Al (A-layer) and in-plane Sc (part of the M-layer) were removed during 

acid treatment. Those atoms were replaced by F- and O- functional groups (Table 1). This is in 

good alignment with X-ray diffractogram in Fig. 1D, showing reflection of Mo1.33C MXene 

particles, especially the (002)-reflection at 6.6 °2θ. Other reflections correlate to incompletely 

reacted MAX, for example, the prominent peak at 13.1 °2θ. A more detailed assignment of the 

different XRD peaks can be seen in Ref. 49. The broad reflection at around 24-26 °2θ originates 

from the carbon nanotubes (CNT) added during electrode manufacturing. Binder-free Mo1.33C 

CNT was fabricated by simple filtration of MXene and CNT dispersion through the glass fiber 

separator (Supplementary Information, Fig. S1). The total CNT content of 10 mass% effectively 

avoided MXene re-stacking and washing-out of the MXene flakes during desalination 

operation (adopting the approach we used in our previous work on 2-D MoS2; Ref. 15). 

Prior to desalination testing, we carried out thorough electrochemical analysis with a three-

electrode configuration using 1 M NaCl. This half-cell setup allows us to characterize the 
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electrochemical response of the Mo1.33C-CNT electrodes either during positive or negative 

potential polarization. A cyclic voltammogram (CV) of Mo1.33C-CNT is shown in Fig. 2A. By 

sweeping the electrode potential from 0 to +0.6 V vs. Ag/AgCl and from 0 to -0.7 V vs. Ag/AgCl 

at a rate of 5 mV/s for each individual cell, we see a pronouncedly pseudocapacitive response 

in the form of slightly distort rectangular shapes. This resistive element in the response 

(resistive knee) stems from the limited kinetics of ion intercalation in between MXene sheets. 

The term pseudocapacitive21 identifies a capacitor-like electrical behavior which does not 

originate in ion electrosorption, but is caused by a Faradaic process. In case of MXene, ions 

intercalate between the atomic layers not selectively at a certain applied potential, but 

continuously as charge is applied.20 This gives rise to a linear correlation between charge and 

potential, as one would expect it for an ideal electrical double-layer capacitor. In a battery-like 

system, for comparison, we would see clear redox peaks during charging and discharging, 

associated with distinct intercalation states, phase transitions, or phase conversions.24 

For stable cell operation, it is of high importance to determine the electrochemical stability 

window. As can be seen, the negative limit potential of this MXene is estimated to be -0.4 V 

vs. Ag/AgCl for the negative electrode and the positive limit potential of +0.55 V vs Ag/AgCl 

for positive electrode. To estimate specific capacitance of Mo1.33C-CNT electrode, 

galvanostatic charge-discharge was conducted with specific current of 0.1-10 A/g. As shown 

in Fig. 2B, the maximum specific capacitance for the positive electrode is 150 F/g at 0.1 A/g 

while the maximum specific capacitance for the negative electrode is 155 F/g at 0.1 A/g. The 

performance is stable and maintains ca. 90 % of the initial specific capacitance after 100 

galvanostatic charge/discharge cycles at 0.1 A/g (Fig. 2C). 

Operation of the full-cell shows a pseudocapacitive CV shape (Fig. 2D). The full cell yields a 

specific capacitance of 150 F/g at 0.1 A/g as determined by galvanostatic charge/discharge 

cycling (Fig. 2E). An onset of electrochemical decomposition is already indicated by the 

increase of irreversible current when exceeding a cell voltage of 0.8 V (Fig. 2D). This is further 

confirmed when tracing the potential of the negative and positive electrode by use of a 

Ag/AgCl spectator reference (Fig. 2F): beyond a cell voltage of 0.8 V, the cell potential at zero 

charge decreases from about 0 V vs. Ag/AgCl to about -0.2 V vs. Ag/AgCl. The loss of symmetric 

potential distribution between negative and positive electrode aligns with the emergence of 

irreversible Faradaic reactions (e.g., decomposition of surface termination group, HER, and 

OER).53 Therefore, we have limited the cell voltage for a symmetric cell (i.e., two Mo1.33C-CNT 
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electrodes with same size and mass loading) to 0. V. This is the same value as recently found 

for MoS2-CNT electrodes15 and is significantly lower than most works on CDI by use of carbon 

electrodes (typically: 1.2 V).1, 27 

Desalination was benchmarked at 5 mM, 50 mM, and 600 mM aqueous NaCl solution to cover 

the range from brackish water (<17 mM) to sea water (~600 mM = 3.5 % salinity). At all three 

concentrations, we see the characteristic charge/discharge = desalination/salination pattern 

in the conductivity profiles of the outflowing stream (Fig. 3A-C). In alignment with our 

previous work,15 we see an increase in desalination capacity (NaCl capacity) from 5 mg/g to 

about 15 mg/g when increasing the salinity from 5 mM to 600 mM NaCl (all values normalized 

to the total mass of both electrodes). The increase of desalination capacity with by increasing 

salinity is a unique feature of desalination of Faradaic materials; in case of conventional CDI 

employing nanoporous carbon, the increasing amount of co-ion expulsion consumes an 

increasing charge and desalination capacity and charge efficiency drop drastically at a 

concentration above 50 mM. In our case, however, Mo1.33C-CNT electrodes maintain a charge 

efficiency of ca. 75-97 % over 40 desalination cycles at all concentration regimes (Fig. 3E). This 

high charge efficiency is also supported by the stable pH of outlet stream during desalination 

process with variations ΔpH<0.5. It is an important aspect of CDI and for desalination with 

Faradaic materials to precisely consider the upper and lower potential limit to avoid parasitic 

reactions, low charge efficiency, low salt removal capacity, and rapid performance loss.54 

In a next step, we calculated the energy consumption per removed ion without considering 

the energy recovery or pumping energy following the procedure from our previous work.49 By 

this way, we can derive quantitative data to estimate the energy consumption of the 

electrodes. The energy consumed during desalination was divided by the salt removal 

capacity. This yields the energy in J/mol of NaCl which is divided by Boltzmann constant k 

(2.48 kJ/mol) to obtain energy consumption in kT. Mo1.33C-CNT exhibit energy consumption of 

21 kT, 20.5 kT, and 17 kT in 5 mM, 50 mM, and 600 mM NaCl, respectively (Fig. 3F). These 

values are slightly lower than other materials, for example, nickel hexacyanoferrate (20 kT in 

20 mM NaCl),28 MWCNT h-V2O5 (17.9 kT in 600 mM NaCl),55 MoS2-10CNT (24.6 kT in 

500 mM),15 activated carbon (94.4 kT in 500 mM NaCl using a multi-channel membrane CDI 

unit),9, 56 and activated carbon with ion exchange membrane (20-24 kT in 5-200 mM NaCl)25. 

Clearly, desalination using Mo1.33C consumes less energy as compared to the use of carbon 

electrodes (even when the latter are operated in conjunction with ion exchange membranes). 
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For comparison: the energy consumption per ion removal of seawater reverse osmosis is still 

lower with 7.5 kT for 50% water removal.57 

The average desalination rates of our system and selected other works are presented in 

Table 2. One could see that desalination rate of intercalation materials is typically slower than 

that of conventional CDI. For instance, porous carbon electrode exhibits a rate of 6.5 µg/g/s 

operating in 5 mM NaCl and 0.8 V whereas intercalation materials like Mo1.33C MXene shows 

a desalination rate of 2.1 µg/g/s operating in 5 mM NaCl and 0.8 V. Yet, for a direct 

comparison and to investigate the intrinsic limitations of different systems, cell parameters 

(like electrode thickness and mass loading) must be carefully kept constant since thin 

electrodes, for example, skew the desalination rate towards higher values.58 

Per the extremely small outer surface area of MXene (ca. 1 m2/g; 30 m2/g for Mo1.33C-CNT, 

Supplementary Information, Fig. S1) and assuming an areal capacity of around 0.1 F/m2,52, 59 

the non-Faradaic contribution to the total measured specific capacitance is negligible (ca. 2 %, 

that is: 3 F/g of 150 F/g). Thereby, the only mechanism by which the significant desalination 

performance can be accomplished through intercalation between the MXene layers. Our 

previous studies have shown changes in the lattice distances for Ti3C2-MXene and MoS2-CNT 

electrodes.15, 18 Also, the electrochemical data clearly show that both positive and negative 

polarization follow a pseudocapacitive pattern. The only way to explain this behavior is by 

cation intercalation in the negatively polarized electrode and by anion intercalation in the 

positively polarized electrode. To further corroborate this ion storage mechanism and to 

separate the anion and cation removal capacity, we have analyzed the effluent stream’s 

chemical composition with online monitoring with an inductively coupled plasma optical 

emission spectroscopy (ICP-OES) system. This technique is applied for the first time to an 

intercalation electrode material and for the study of the anion concentration profiles; so far, 

ICP-OES studies have only looked at the cation removal and have remained limited to 

nanoporous carbon electrodes and conventional CDI.60-61 

As can be seen from the concentration profiles for sodium (Fig. 4A) and chlorine (Fig. 4B), both 

follow the concentration profiles expected for electrochemical desalination (Fig. 3A-C). 

Considering the different molar masses, the removal capacity is 4.5 mg/g(-) for Na+ (normalized 

to the mass of the negative electrode) and 7.5 mg/g(+) for Cl- (normalized to the mass of the 

positive electrode), as determined for 5 mM NaCl. On average, this computes to a NaCl 
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removal capacity of 4.8 mg/g normalized to the mass of both electrodes. This value agrees 

with the desalination capacity determined by conventional conductivity measurements 

(5 mg/g normalized to the mass of both electrodes; Fig. 3D). 

 

Conclusions 

Our work provides first data for the use of Mo1.33C MXene as sodium ions and chloride ions 

intercalation via inductive couple plasma optical emission spectroscopy. This MXene 

accomplishes desalination with ease at low or high salt concentration, ranging from low to 

high salinity (i.e., from brackish water to seawater). By entangling MXene within a CNT 

network, effective binder-free electrodes are obtained with a promising salt removal capacity 

of 5 mg/g, 9 mg/g, and 15 mg/g in 5 mM, 50 mM, and 600 mM NaCl, respectively; in all cases, 

we measured a very high charge efficiency up to 97 %. The energy consumption during ion 

removal in sea water concentration (600 mM NaCl) is low (17 kT), which would be impossible 

to accomplish with conventional carbon electrodes operated with capacitive deionization. 

These excellent performance metrics were obtained in absence of any ion exchange 

membranes, which are major cost-drivers for present-day CDI units. In particular, the 

compatibility of MXene for desalination of saline media with high molar strength opens new 

application areas, such as the generation of drinking water from sea water. 
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Figures 

 

Figure 1: Characterization of Mo1.33C MXene used as electrode material: Scanning electron micrograph 

(A), transmission electron micrograph of (B), energy-dispersive X-ray spectrum (C), and X-ray 

diffractogram and corresponding two-dimensional scattering picture (D). 
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Figure 2: Electrochemical characterization of binder-free Mo1.33C-CNT electrode in 1 M NaCl. (A) Cyclic 

voltammogram at 5 mV/s, (B) specific capacitance vs. specific current, (C) capacitance retention at 

limiting positive and negative potential, (D) cyclic voltammogram of symmetrical full cell at 5 mV/s, (E) 

specific capacitance vs. specific current of symmetrical full cell, and (F) potential development of the 

positive electrode, negative electrode, and potential at zero cell voltage. 
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Figure 3: Constant voltage desalination with Mo1.33C-CNT at 0.8 V at 5 mM, 50 mM, or 600 mM NaCl. 

(A-C) Conductivity profiles of effluent stream leaving the desalination cell. (D) NaCl removal capacity. 

(E) Charge efficiency. (F) Energy consumption per removed ion. 
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Figure 4: Concentration profiles measured with ICP-OES in 5 mM NaCl aqueous solution. The cation 

uptake capacity (A) is normalized to the mass of the negative electrode (-) and the anion uptake 

capacity (B) is normalized to the mass of the positive electrode (+). 
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Tables 

Table 1. Elemental analysis of Mo1.33C MXene via EDX. 

Mass% C O F Al Sc Mo 
Mo1.33C 12.1 8.2 1.3 7.9 5.8 64.6 

 

Table 2. Comparison of desalination capacity and desalination rate. 

Electrode material Cell 
voltage 

(V) 

Salt removal 
capacity 
(mg/g) 

Salt removal 
rate 

(µg/g/s) 

NaCl 
concentration 

(mM) 

Reference 

Activated carbon (YP-80F) 0.8 15 6.5 5 15 
Activated carbon (MSP-20) 1.2 23.6 19 10 58 
MoS2-CNT 0.8 25 7 500 15 
MoS2-CNT 0.8 9 2.5 5 15 
Ti3C2 MXene 1.2 13 16 5 18 
Ti3C2 MXene 1.2 13 16 5 18 
Mo1.33C MXene 0.8 5 2.1 5 This work 
Mo1.33C MXene 0.8 15 5.9 600 This work 
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Table of content graphic 

 

Molybdenum carbide MXene is an effective electrode material for sustainable water 

desalination even at high molar strength (600 mM NaCl). 
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Fig. S1: Nitrogen gas sorption isotherm of Mo1.33C and Mo1.33C-CNT. 
 
 
 

 
Fig. S2: Cross-section scanning electron micrograph of binder-free Mo1.33C-CNT electrode 
prepared via focussed ion beam (FIB). 
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