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In this proof-of-concept study, we introduce and demonstrate MXene

as a novel type of intercalation electrode for desalination via capacitive

deionization (CDI). Traditional CDI cells employ nanoporous carbon

electrodes with significant pore volume to achieve a large desalination

capacity via ion electrosorption. By contrast, MXene stores charge by

ion intercalation between the sheets of its two-dimensional nano-

lamellar structure. By this virtue, it behaves as an ideal pseudocapa-

citor, that is, showing capacitive electric response while intercalating

both anions and cations. We synthesized Ti3C2-MXene by the

conventional process of etching ternary titanium aluminum carbide

i.e., the MAX phase (Ti3AlC2) with hydrofluoric acid. The MXene

material was cast directly onto the porous separator of the CDI cell

without added binder, and exhibited very stable performance over 30

CDI cycles with an average salt adsorption capacity of 13 � 2 mg g�1.

1. Introduction

Capacitive deionization (CDI) is an emerging water treatment

technology, ideally suited for the highly energy efficient removal

of ions from aqueous1 or organic electrolytes.2 CDI has seen

tremendous research activities with an exponentially growing

number of publications over the last 5 years. Conventional CDI

is based on ion removal from a feed stream by electrosorption at

the electrically charged uid/solid interface between the elec-

trolyte and the electrode. Such CDI cells commonly utilize

nanoporous carbons as electrodes, with subnanometer pores3

and/or large overall pore volumes,4 yielding the best perfor-

mance values. During charging, ions are continuously removed

from the feed stream until the electrode has reached the

maximum ion sorption capacity for a given applied voltage.

Subsequent discharging or voltage inversion regenerates the

electrodes so that another CDI cycle can begin. One widely used

metric to characterize CDI electrode performance is the equi-

librium amount of electrosorbed salt per electrode mass (SAC ¼

salt adsorption capacity) and high values up to ca. 15–21 mg g�1

have been reported recently for different carbons.4,5 For

example, commercial activated carbons have been found to

yield up to 14 mg g�1,3 exceeded by nanotextured carbons like

nitrogen doped graphene foam.5 Even higher values have been

reported by introducing chemical charges to the carbon

surfaces by functional groups,6 which may in the most extreme

case even result in inversion of the CDI process (i.e., ion removal

during discharging and ion release during charging).7 Also, in

addition to the advent of novel hybrid materials,8–10 there is

further progress with adapting advanced, nanotextured carbon

materials for CDI.11,12

The discovery and progressing technological adaption of

graphene13 has stimulated the systematic exploration of gra-

phene analogues, that is, 2-dimensional (2-D) nanomaterials

beyond carbon.14 Recently, a novel group of 2-D nanolamellar

materials has been introduced, calledMXene.15 First reported in

2011,16 MXenes are a fast growing group of metal carbides and

nitrides that structurally originate from MAX phases. The latter

are a large group of ternary transition metal carbides and

nitrides with the simplifying formula Mn+1AXn, where n ¼ 1, 2,

or 3, M is an early transition metal, A belongs mostly to groups

13 or 14, and X is C and/or N.17 With weaker bonds related to A-

site atoms, selective etching, for example with hydrouoric acid

(HF)18,19 or electrochemical methods,20 can be achieved to

transform MAX phases to MXene. Unlike graphene, MXene

layers usually consist of 3, 5, or more atomic layers, depending

on the MAX precursor, and the electrical and chemical prop-

erties of the exfoliated material strongly reect the chemical

process conditions. For example, MXene can be either metalli-

cally conductive, with values as high as 4000 S cm�1,21 or semi-

conductor-like,16 depending on the degree of exfoliation and

surface functionalization.

MXene has been reported to exhibit a large pseudocapaci-

tance,22 outperforming the energy storage capacity of most
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other capacitive materials, especially when normalizing to the

electrode volume. MXene allows for the unique ability to form

binder-free electrodes (MXene paper) and to serve as an almost

ideal intercalation material with rapid ion insertion between

the MXene layers. In particular, MXene has exhibited high

measured capacitance (>300 F cm�3) in lithium or sodium

sulfate aqueous media, and is capable of intercalating even

much larger ions, like ionic liquids or organic salts.23,24 Due to

its exceptional capacitance and highly reversible intercalation/

de-intercalation of ions in aqueous media, we were motivated to

explore MXene as a novel electrode material for water desali-

nation by CDI. We here demonstrate and characterize, for the

rst time, a MXene CDI cell with symmetric geometry (MXene

for the positively and negatively polarized electrode), which is,

to the best of our knowledge, the rst CDI cell with both elec-

trodes based on an intercalation-type material.

2. Materials and methods
2.1 MAX and MXene synthesis

To obtain MXene, we rst synthesized the MAX phase Ti3AlC2.

Following the literature,16,25 this was accomplished by mixing

elemental titanium (99% purity; abcr), aluminum (99.8% purity;

Feinchemikalien und Forschungsbedarf), and carbon (type

BP2000; Cabot) in a molar ratio of 3 : 1.1 : 1.88 via rigorous plan-

etary ball milling (hard metal container, 10 mm hard metal balls,

20 g total mass in 50 g ethanol, 15 min). The milled material was

dried and cold pressed at 50 MPa to form pellets which were

heated in a graphite crucible to 1550 �C in argon atmosphere with

a heating rate of 10 �Cmin�1, followed by a 2 h heating period, and

aerwards cooled to room temperature with a rate of 10 �Cmin�1.

MXene synthesis followed Naguib et al. with hydrouoric

acid (HF).16 For this, 3 g of MAXmaterial was dispersed in 30mL

HF (40–45%) and sealed in a polytetrauoroethylene cup for

22 h. The resulting material was ltered, obtaining material

larger than 2 mm, and then centrifuged 15 times until a pH > 5

was achieved. Aerwards, the material was dried at 80 �C

overnight and a yield of 2.3 g (ca. 75%) was accomplished.

For comparison, data on commercial activated carbon from

Kuraray (type YP-80F) are added and adapted from our previous

work.26 YP-80F electrodes were composed of 95% activated

carbon and 5% polytetrauoroethylene (PTFE) polymer binder.

For more information on sample preparation, see ref. 26.

2.2 Materials characterization

X-ray diffraction (XRD) experiments were conducted employing

a D8 Advance diffractometer (Bruker AXS) with a copper X-ray

source (Cu Ka, 40 kV, 40 mA) and a nickel lter. Measurements

were conducted with a 1D detector (LYNXEYE) and 2D detector

(VANTAC).

Scanning electron microscope (SEM) images were recorded

with a JEOL JSM 7500F eld 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 soware.

Nitrogen gas sorption measurements at �196 �C were

carried out with an Autosorb system (Autosorb 6B, Quantach-

rome). The samples were outgassed at 150 �C for 10 h under

vacuum conditions at 102 Pa. The BET-specic surface area

(BET-SSA) was calculated with the ASiQwin-soware using the

Brunauer–Emmett–Teller27 equation in the linear relative pres-

sure range of 0.01–0.05.

2.3 Electrode preparation and electrochemical

measurements

For full-cell experiments, ethanolic slurries containing MXene

powder (250 mg powder in 100 mL ethanol) were prepared by

ultrasound assisted stirring in ice bath for 30 min. Porous

spacer (glass ber pre-lter, Millipore, compressed thickness of

a single layer is 380 mm) was inltrated several times by drop

casting of the MXene suspension, yielding binder free coatings

aer drying at 120 �C for 24 h. The exact electrode mass was

determined by the mass difference of the spacer prior to and

aer drop casting and drying. Electrochemical measurements

were conducted by symmetric full-cell cyclic voltammetry (CV;

scan rate 5 mV s�1; up to 1.2 V) and galvanostatic cycling with

potential limitation to 1.2 V at 0.1 A g�1 in 1 M NaCl aqueous

solution with a VSP300 potentiostat/galvanostat (Bio-Logic). The

cell had a Ag/AgCl spectator reference used to record the elec-

trode potentials, while the cell voltage was not controlled by the

reference (but determined as the potential difference between

the two symmetric electrodes). The specic capacitance Csp was

calculated according to ref. 28.

For half-cell experiments, 2 mg of MXene was dispersed in

5 mL of ethanol. The suspension was tip-sonicated for 30 min,

coated on porous glass ber separator and dried at 60 �C for 6 h.

An electrode disc with a 10 mm diameter was cut, giving

a MXene loading of 0.64 mg. As counter electrode, we used

11.4 mg of PTFE-bound (5 mass%) activated carbon (YP-80F)

and a glass ber (GF/A, Whatman) separator.

2.4 Capacitive deionization experiments

For CDI experiments, the MXene material was casted directly on

the porous separator instead of casting it onto the graphite

current collector or using it as a freestanding lm. This

approach was motivated by the need of ltration to obtain

MXene paper and the most facile way of realizing this was to

directly use the porous separator used for the CDI cell. To the

best of our knowledge, our work is the rst time that a CDI

electrode was cast on the separator instead of casting onto the

current collector. For this, MXene powder was dispersed in

ethanol and tip-sonicated for 30 min. Aerwards, the MXene

suspension was drop casted over the glass ber separator and

dried at 60 �C for 24 h.

We used a CDI setup described in ref. 26 with ow between

electrodes (i.e., feed water ows in parallel to and in-between

the electrode pair; see denition from ref. 1). The CDI stack was

built from graphite current collectors (SGL Technologies;

thickness: 250 mm) with attached MXene electrodes directly

deposited onto the porous spacer. The CDI electrode mass was

100 mg with a thickness of 125 mm, as conrmed by SEM. The
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measurements were carried out with one symmetric pair of

electrodes. The total electrolyte ow rate was 22 mL min�1. Ion

adsorption and desorption steps were carried out using

constant potential mode at 1.2 V and regeneration was accom-

plished at 0 V. For all electrochemical operations, we used

a VSP300 potentiostat/galvanostat (Bio-Logic) and the duration

of each half-cycle was 30 min. All experiments were carried out

with de-aerated 5 mM NaCl solution in a 10 L electrolyte tank

and the electrolyte was de-aerated by ushing nitrogen gas. The

salt adsorption capacity and the measured charge were dened

per mass of active material (i.e., MXene mass or mass of acti-

vated carbon, for comparison) in both electrodes and were

calculated as an average value from adsorption and desorption

step. For quantication of the electrical charge, the leakage

current measured at the end of each half-cycle was subtracted.29

The AC experimental data was taken from previous work26

with 6 � 6 cm2 electrodes with a mass of 500 mg per electrode

pair.

3. Results and discussion
3.1 Material characterization

The obtained powder of the ternary carbide (Fig. 1A) was typical

for the MAX phases with a layered morphology, which transi-

tioned to a much more delaminated structure aer HF etching

(Fig. 1B).30 The drastic change in structure is also documented

by X-ray powder diffraction (Fig. 1E). In particular, we see

a strong shi of the (002)-peak at 9.52� 2q (MAX) to 8.96� 2q

(MXene), which corresponds with an increase in d-space of

6.2%. This shi is accompanied by an increase in the full-width

at half maximum (FWHM) from 0.057� 2q (MAX) to 0.474� 2q

(MXene).15,30

Chemical analysis via energy dispersive X-ray spectroscopy

(EDX) shows that Al removal was almost fully achieved (Fig. 1D

and Table 1). Small amounts of residual aluminum stem from

few incompletely transformed MAX grains, which also

contribute to the sharp reections seen in the XRD pattern

Fig. 1 Scanning electron micrographs of (A) MAX phase Ti3AlC2, (B) MXene Ti3C2, and (C) MXene Ti3C2 deposited onto the glass fiber separator
(cross section). (D) Energy dispersive X-ray spectrum (EDX) of MXene Ti3C2. (E) X-ray diffractograms of MAX and MXene phase compared to the
ideal peak positions for Ti3AlC2 (PDF 52-0875). (F) Nitrogen gas sorption isotherm recorded at �196 �C of MXene Ti3C2 with a calculated BET
surface area of 6 m2 g�1.

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 18265–18271 | 18267
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(marked by stars in Fig. 1E). In addition to Ti and C, the MXene

material also shows signicant amounts of F (14 mass%) and O

(10 mass%) as shown in Table 1. Etching of MAX in aqueous HF

is known to yield an excess of uorine and oxygen containing

surface functional groups, where “surface” refers also the space

between the MXene nanosheets.31

Although the removal of aluminum induces changes in the

morphology and structure, it does not yield a large surface area.

Nitrogen gas sorption analysis �196 �C showed a BET surface

area of 6 m2 g�1 (Fig. 1F). Typical CDI electrodes based on ion

electrosorption into EDLs have BET surface areas exceeding

1000 m2 g�1.29 However, as we show in this work, ion interca-

lation in MXene, giving rise to pseudocapacitive charge transfer

and ion immobilization, allows for a high SAC without the need

for a high BET surface area.

3.2 Electrochemical behavior and capacitive deionization

A rst assessment of the ion storage capacity and electro-

chemical behavior of MXene in saline media was carried out by

cyclic voltammetry (CV) in aqueous 1MNaCl (Fig. 2A). As can be

seen, the shape of the cyclic voltammogram is highly rectan-

gular for activated carbon and slightly distorted for MXene. The

latter features are likely due to the charging (dynamic) response

of the rather thick MXene electrode. We here used roughly 100

mm thick MXene electrodes, while in the literature, usually

much thinner MXene electrodes are used, such as 2 mm in ref.

32. Both MXene and activated carbon are characterized by

Table 1 Elemental chemical analysis of the initial MXene material and
post mortem analysis after CDI cycling

(Mass%) C Ti O Al F Na & Cl

Initial 15 � 1 59 � 5 10 � 2 <1 14 � 2 —

Post mortem anode 12 � 3 52 � 8 29 � 7 <2 4 � 1 <2

Post mortem cathode 14 � 4 62 � 10 14 � 5 <1 8 � 5 <1

Fig. 2 (A) Cyclic voltammograms at 5mV s�1 and (B) galvanostatic charge/discharge at 0.1 A g�1 of MXene and activated carbon (YP-80F; ref. 26)
in 1 M NaCl. (C and D) Electrode potential at different cell voltages for anode and cathode of MXene and YP-80F in 1 M NaCl. (E) Cyclic
voltammograms at 5 mV s�1 and (F) galvanostatic charge/discharge power handling for MXene half-cell vs. an oversized YP-80F counter
electrode in 1 M NaCl.

18268 | J. Mater. Chem. A, 2016, 4, 18265–18271 This journal is © The Royal Society of Chemistry 2016
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capacitor-like charge/discharge behavior, which manifests in

near-linear voltage curves from galvanostatic charge/discharge

cycling (Fig. 2C). At a discharge rate of 0.1 A g�1, capacitance

values of 111 F g�1 and 132 F g�1 were measured for YP-80F

activated carbon and MXene, respectively (Fig. 2B). Considering

the low surface area of MXene, the high measured capacitance

cannot be due to ions electrosorbed at the uid/solid interface

(like in activated carbon), but instead is attributed to inserted

(intercalated) ions between MXene sheets. By this virtue,

MXene qualies not as a double-layer capacitor, but as

a pseudocapacitor.22

The electrochemical data shown in Fig. 2A and B were

derived with a symmetrical two-electrode cell. From galvano-

static charging and discharging at 0.1 A g�1 to 1.2 V cell voltage,

a high coulombic efficiency (>97%; ratio of discharge vs. charge)

was calculated. This value indicates a highly reversible charge

transfer, for example, accomplished by anion insertion at the

positively polarized electrode and cation insertion at the

opposite electrode. While most works in the literature have

investigated cation intercalation in MXenes,22 recent works

provide experimental evidence also for anion insertion derived

from in situ X-ray diffraction experiments.33 By that virtue,

MXene is an interesting model material for applying faradaic

anion and cation immobilization towards pseudocapacitive

desalination.

To further investigate the difference in electrode potential

development between activated carbon and MXene electrodes,

we added a spectator reference electrode (Ag/AgCl) to the

symmetric two-electrode cells (Fig. 2C and D) in 1 M NaCl. The

activated carbon electrode pair showed the behavior expected

for a symmetric double-layer capacitor: both electrodes see, by

increment and opposite by sign, the same increase in electrode

potential as the cell voltage is increased. For example, a cell

voltage of 1.0 V is accomplished by an anode at +0.5 V and

a cathode at �0.5 V vs. Ag/AgCl (Fig. 2C). MXene electrodes

exhibit a different behavior: compared to activated carbon, the

potential of the MXene electrode pair is shied to negative

values (E0) by ca. 250 mV vs. Ag/AgCl (Fig. 2D). The cell voltage is

also differently distributed: a cell voltage of 1.0 V is accom-

plished by an anode at +0.4 V and a cathode at �0.6 V vs.

Ag/AgCl. This behavior is in line with the negative static charge

of MXenes because of intrinsic –OH, ]O and –F surface

termination.34

When performing half-cell experiments vs. an oversized

activated carbon counter electrode (YP-80F), we can further

investigate the performance of MXene as anode and cathode,

that is, during positive or negative polarization. As seen from

Fig. 2E, both anodic and cathodic sweeping via cyclic voltam-

metry (5 mV s�1) yields pseudocapacitive behavior. During

positive polarization, a high specic capacitance of 176 F g�1 is

reached, while negative polarization only provides 84 F g�1

(calculated from galvanostatic discharge at 0.1 A g�1; see

Fig. 2F). Evidently, cation insertion is favored, but the ability of

MXene to intercalate ions is not limited to cations as seen from

the ability of the MXene anode to demonstrate pseudocapaci-

tive charge/discharge characteristics. Surveying different

specic currents (Fig. 2F) and from the shape of the CV in

Fig. 2E, we also see slower anion intercalation and a more rapid

loss of capacitance at higher rates.

To ensure stable performance, the MXene electrodes were

cycled between 0 and 1.2 V for 40 times prior CDI experiments

in 5 mM NaCl. Aer this conditioning and wetting process,

stable desalination performance was observed with character-

istic changes in the effluence salt concentration recorded

during potentiostatic cycling (Fig. 3A). The concentration

changes compute, based on the averaged data from two sepa-

rate experiments, to a salt adsorption capacity of 13 � 2 mg g�1

at an average salt adsorption rate (ASAR) of ca. 1 mg g�1 min�1.

Fig. 3 (A) Conductivity profiles for 10 full cycles in 5 mN NaCl (deaerated) and (B) corresponding salt removal capacity stability of MXene. Error
bars in (B) represent the data for two repeat experiments. Post mortem scanning electron micrographs of Ti3C2 MXene after CDI cycling as (C)
negatively and (D) positively polarized electrode. The elemental (molar) ratios noted in (C) and (D) were derived from EDX analysis.
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This value is comparable to YP-80F (9 mg g�1) and MSP-20

(14 mg g�1), but higher than other carbons (like carbon xerogel;

3.3 mg g�1).35 When normalized to the available surface area, we

see that MXene accomplishes a desalination capacity of 1.7 mg

m�2, while YP-80F shows an area-normalized SAC of just 4.3 mg

m�2. This shows that the ion removal for CDI with MXene

cannot be accomplished by the outer surface area, but by ion

insertion between the MXene sheets (intercalation). In 5 mM

de-aerated NaCl saline solution, the CDI cell exhibited stable

performance over 30 cycles (Fig. 3B).

Initial post mortem analysis of the MXene electrodes shows

that the overall “open book”morphology is maintained (Fig. 3C

and D). Yet, compared to the initial material (Fig. 1B), the

MXene electrodes aer positive (Fig. 3C) or negative (Fig. 3D)

polarization appear more exfoliated. Importantly, we see an

increase of the Ti : C : O molar ratio, from initially 1 : 1 : 0.5

(directly aer synthesis) to a value of 1 : 0.8 : 0.7 for cathode and

1 : 0.8 : 1.7 for the anode (post mortem; see also Table 1). For

ideal Ti3C2, we would expect a Ti : C ratio of 1 : 0.7; thus, the

higher initial value of the electrode is because of the presence of

excess carbon and small amounts of TiC, as common for

MXene.30 Oxidation of MXene is well-known36 and occurs in the

aqueous medium at both electrodes. Triggered by electro-

chemical oxidation, MXene oxidation occurs to a larger degree

at the anode. The reduced relative amount of carbon is a direct

result of the carbide oxidation, where carbon is replaced by

oxygen in the solid. The combination of repeated ion interca-

lation/deintercalation and supercial oxidation enhances exfo-

liation and the morphology of MXene slightly changes. Yet,

MXene grains remain overall structural integrity.

4. Conclusion

MXene is an interesting novel electrode material for CDI and

can be used in a symmetric cell conguration for stable water

desalination. The ake structure of the material also enables

direct casting onto the porous separator without the need of

adding polymer binder. We demonstrated that MXene CDI

electrodes accomplished stable performance for 30 cycles with

a salt adsorption capacity (SAC) of 13 � 2 mg g�1 (1.2 V cell

voltage in 5 mM NaCl saline solution). Thus our results show

that the MXene SAC is higher than that of many activated

carbons and carbon aerogels commonly used for CDI. However,

MXene accomplishes adsorption via a completely different ion

immobilizationmechanism, that is, by ion intercalation instead

of double-layer formation, schematically depicted in Fig. 4. That

our initial proof-of-concept cell achieves high performance

demonstrates that MXene and CDI via intercalation electrodes

is a promising direction.

More work is required to better understand the processes of

desalination via ion insertion in the MXene layered structure

and a more rigorous understanding of the concept of charge

efficiency in the context of intercalation materials. Also,

enhanced performance may be enabled by use of asymmetric

MXene CDI cells and hybrid electrodes. We believe that the eld

of CDI research will see diversication in the near future beyond

carbon by employing pseudocapacitive or battery-like processes

for enhanced electrochemical desalination, as already predicted

by theoretical work.37
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