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� MXene electrodes with selective
electro-sorption of Ca2+have been
fabricated.

� Low hydration energy and high
valence of Ca2+ contributed to Ca2+/
Na+ selectivity.

� Electro-sorption was facilitated by
NiAl-LMO cathode due to valence
compensation.

� MXene electrode has great stability
and can be cyclically used in Ca2+

removal.
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Capacitive deionization (CDI), or electrosorption, is a desalination technology that exhibits significant
potential; however, its major technical requirement of selective ion separation poses a challenge for
its further practical application. Herein, a titanium carbide (MXene)–layered electrosorption electrode
with high selectivity for Ca2+ was fabricated. The prepared MXene electrode had many surface hydroxyl
functional groups that serve as adsorption sites for Ca2+. Ca2+ was successfully inserted into the interlay-
ers of the MXene cathode and formed a strong interaction with [Ti-O] bonds during the capacitive deion-
ization process. When a Ni-Al layered metal oxide anion intercalation electrode was employed as the
counter electrode, Ca2+ adsorption by the MXene electrode was significantly enhanced due to the valence
compensation balance effect. The maximum Ca2+ electrosorption capacity of the MXene electrode
reached 1011.82 mg per gram effective MXene material, which is 6.3 times higher than that of Na+ based
on the Langmuir adsorption isotherm model. The MXene electrode exhibited prominent selectivity for
Ca2+ ions in the presence of Na+ and Mg2+. The Ca2+/Mg2+ selectivity factor for electrosorption reached
2.63, and Ca2+/Na+ selectivity factor could achieve 9.84, respectively. After five electrosorption/desorption
cycles, the Ca2+ removal rate only decreased from 46.96% to 45.34%, suggesting that the MXene electrode
has excellent stability. Our study demonstrated a novel CDI electrode and technical approach for soften-
ing water.
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1. Introduction

Calcium ions (Ca2+) are both greatly beneficial and persistently
challenging for water treatment engineers because they are essen-
tial for human health but lead to scaling issues in excess. Ca2+ scal-
ing may result in sensory discomfort when drinking boiled water
[1] and scale-fouling on heat exchangers, thereby increasing
energy consumption [2,3]. Currently known Ca2+ removal methods
include ion exchange, chemical precipitation, and membrane sep-
aration [4–7], but these techniques generally require high chemical
requirements, energy consumption, or operating costs in the appli-
cation process [8]. It is necessary to develop an easily operated,
energy-saving, and environmentally friendly method for Ca2+

removal.
Capacitive deionization (CDI), or electrosorption, is a promising

rapid and facile desalination approach [9–11]. Electrodes adsorb
oppositely charged ions in water to achieve desalination and des-
orb into the solution when the applied bias is terminated or
reversed to regenerate the electrode [12,13]. The activated carbon
electrode can achieve a maximum adsorption capacity of 9.98 mg
Ca2+/g [14], while the maximum adsorption capacity of the carbon
nanotube composite electrode can reach 20.80 mg Ca2+/g [15].
However, reported electrodes, which are the key factor for CDI per-
formance, did not exhibit any selectivity for Ca2+. Ca2+, Mg2+, Na+,
and K+ in aqueous solutions compete for adsorption sites on CDI
electrodes, resulting in low electrosorption capacities of Ca2+ and
the removal of coexisting non-target ions. Selectivity for certain
ions is highly demanded and difficult to facilitate in electrosorption
processes [16].

It has been reported that the removal of bivalent cations is
higher than that of monovalent cations in CDI [17,18]. In addition,
for ions with the same valence, ions with a smaller hydration
radius achieved higher removal rates due to size compatibility
[19–21]. In addition to the distinct electrosorption behavior caused
by the physicochemical properties of ions, electrode materials are
influential in CDI selectivity [22–24]. MXenes, as typical two-
dimensional carbon/nitride nano-layered materials, are potential
CDI electrode materials because of their large specific surface area,
high conductivity, and good electrochemical stability in salt solu-
tions [25–27]. MXene is etched to form a layered structure with
enormous surface hydroxyl functional groups, which can provide
abundant adsorption sites and intercalation space for Ca2+ [28].
In the coexistence of Ca2+, Mg2+, and Na+, MXene may exhibit selec-
tivity for Ca2+ and Mg2+ due to the higher valences compared with
Na+.

In this study, an MXene CDI electrode with excellent Ca2+ selec-
tivity was fabricated, and its performance on Ca2+ and coexisting
cations (Mg2+, Na+, and Pb2+) was examined. The electrosorption
kinetics and capacity under different electrode combinations and
solution chemical conditions were investigated to optimize Ca2+

removal by CDI. The electrode structure in the CDI process was
characterized to elucidate the mechanisms of Ca2+ interaction into
MXene coupled with NiAl layered metal oxide (NiAl-LMO) elec-
trode. Furthermore, adsorption–desorption circle tests were per-
formed to verify the stability of the prepared MXene electrode.
This study provides a novel method using CDI to selectively
remove Ca2+ from water.
2. Materials and methods

2.1. Electrode fabrication

Sodium chloride, calcium chloride, magnesium chloride, and
lead nitrate were chemical pure, which were purchased from Sino-
pharm Chemical Reagent Co., Ltd. (China). Ti3C2Tx nanosheets were
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obtained using a liquid etching method [29]. Briefly, 5 g of Ti3AlC2

powders (Forsman, China) were poured into 100 mL hydrofluoric
acid (HF, Sinopharm Chemical Reagent Co., Ltd, China) and etched
in a water bath for 20 h at 60 �C. The solution was then transferred
to a centrifuge tube for centrifugation for 3 min to achieve Ti3C2Tx,
[30]. The obtained Ti3C2Tx was then washed with deionized water
until the solution pH was 6 prior to be dried in a vacuum drying
chamber for 24 h. Then, Ti3C2Tx, carbon black (Alfa Aesar, USA),
and poly (tetrafluoroethylene) (PTFE, Sigma, USA) were thoroughly
mixed in a mortar with a weight ratio of 8:1:1. Carbon black was
used as a conductive reagent, and PTFE was selected as a binder.
The mixture was ground to a paste and coated on the treated Ni
foam. Then, the MXene electrodes were obtained by drying at
60 �C in a vacuum oven for 24 h.

The NiAl-LMO electrode was fabricated as follows. In brief, a
mixture of NiCl2�6H2O, AlCl3�6H2O, KOH, and K2CO3 with pH in
the range between 9.5 and 10.5. And then a nickel foam was
inserted into the mixed solution. After drying in an oven and cal-
cined in a muffle furnace, NiAl-LMO electrodes were obtained.
The detailed methods were described in our previous study [31].
Carbon fiber (CF, WOS 1009) was purchased from Taiwan CeTech
Co., Ltd, China. Unless otherwise specified, all reagents used in this
study were purchased from Sinopharm Chemical Reagent Co., Ltd.
(China) and used without further purification.

2.2. Electrode characterization

The surface morphology of the MXene electrode was observed
via scanning electron microscopy (SEM, SU8020, Hitachi, Japan),
energy dispersive X-ray spectroscopy (EDX), and transmission
electron microscopy (TEM) (H-7500, Hitachi Corp). Powder X-ray
diffraction (XRD) patterns were acquired using an X-ray diffrac-
tometer (X’Pert PRO MPD, PANalytical, Netherlands) with Cu Ka
radiation. X-ray photoelectron spectra (XPS) were obtained on a
Thermo System (ESCALAB 250X, USA) with Al Ka radiation.

The electrochemical tests were performed using a CHI660D
electrochemical workstation (Chenhua, China) at room tempera-
ture. The platinum wire, a saturated calomel electrode (SCE), and
an aqueous solution of 0.1 mol/L CaCl2 (MgCl2 and NaCl) were used
as the counter electrode, reference electrode, and electrolyte,
respectively. Cyclic voltammograms (CVs) were measured in the
potential range from �1 V to 0 V at a scanning rate of 100 mV/s.
Electrochemical impedance spectroscopy (EIS) was conducted
from 0.1 Hz to 1.0 � 105 Hz.

2.3. Ca2+ selective electrosorption tests

Ca2+-selective electrosorption tests were performed as follows.
The MXene electrode was used as the working electrode with an
effective area of 1 cm2. MXene, NiAl-LMO, and CF electrodes were
applied as counter electrodes with the same effective areas. The
mixed solution consisted of Na+, Ca2+, and Mg2+ with a concentra-
tion of 2 mmol/L. Samples were taken and examined using an
inductively coupled plasma-optical emission spectrometer (ICP-
OES, Agilent 710, USA). All experiments were conducted at 25 �C.
Unless otherwise specified, the electrode distance was 1.0 cm,
the solution pH was 6.5, and the applied voltage was 1 V. The pH
of the solution was adjusted by dilute hydrochloric acid or dilute
nitric acid. Langmuir and Freundlich isotherms were used to fit
the experimental data to further elucidate Ca2+ electrosorption
behaviors under different voltages [32].

Langmuir adsorption isotherm and Freundlich adsorption iso-
therm can be expressed as Eqs. (1) and (2), respectively.

qe ¼
qmKLce
1þ KLce

ð1Þ



J. Sun, Q. Mu, T. Wang et al. Journal of Colloid and Interface Science 590 (2021) 539–547
qe ¼ KFc
1
n
e ð2Þ

where qe (mg/g) and qm (mg/g) are the amounts of ions adsorbed
per gram effective MXene material on the electrode and maximum
adsorption capacity of the electrode, ce (mg/L) is the concentration
of ions in the solution at equilibrium, KL (L/mg) is the Langmuir
equilibrium constant that represents the energy of the adsorption
process, KF is the Freundlich isotherm constant, and n is the hetero-
geneity factor [33–35].

Adsorption kinetics were analyzed according to adsorption
capacity and time [36]. The pseudo-first-order (Eq. (1)) model
and pseudo-second-order (Eq. (2)) model formulas were listed as
follows:

ln qe � qtð Þ ¼ ln qe � k1t ð3Þ

t
qt

¼ 1
k2qe

2 �
t
qe

ð4Þ

where qe is the equilibrium adsorption capacity. qt (mg/g) is the
adsorption capacity at time t. k1 (min�1) and k2 (g�mg�1�min�1)
are the pseudo-first-order adsorption rate constant and pseudo-
second-order adsorption rate constant, respectively.
3. Results and discussion

3.1. Morphology and structure of MXene electrodes

As shown in Fig. 1a, MXene after etching exhibit an obvious
multilayer structure, indicating the aluminum atomic layer has
been successfully exfoliated. Thin MXene layers were observed in
the TEM images (Fig. 1b). In addition, it can be inferred from the
Fig. 1. (a) SEM images (the scale bar was 5 lm); (b) TEM images (the scale bar was 0.1
MXene electrode.
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XPS results (Fig. 1c) that the surface of MXene contains abundant
F, Ti, C, O, and Al elements. The XRD patterns of the precursor Ti3-
AlC2 and etched MXene are shown in Fig. 1d. The disappearance of
the characteristic peak of Al at 39� indicates that the Al atomic
layer was successfully stripped. After etching, the peak of 002
shifted from 9.34� to 8.89� (reduced by 0.45�) and the peak became
wider, which was attributed to the intercalation of hydroxyl (AOH)
and fluorine (-F) groups [24]. According to the Bragg equation cal-
culation [37], the interlayer spacing between the Ti and C atomic
layers in MXene is 0.987 nm. This interlayer spacing means that
Ca2+, Mg2+, and Na+ can be smoothly inserted into the layers of
MXene according to the related hydration radius [38].
3.2. Selective electrosorption of Ca2+ by MXene electrode

Fig. 2a-c show the electrosorption kinetics of Ca2+, Mg2+, and
Na+ by the MXene electrode in a multicomponent solution. MXene,
CF, and NiAl-LMO electrodes were used as counter electrodes. The
results indicate that the MXene electrode exhibited high elec-
trosorption selectivity for Ca2+, regardless of the counter electrode.
When NiAl-LMO was used as the counter electrode, the adsorption
capacity of Ca2+ was 2.6 times and 9.8 times higher than that of
Mg2+ and Na+, respectively. When CF was used as the counter elec-
trode, the adsorption capacity of Ca2+ was 1.97 and 5.85 times
higher than that of Mg2+ and Na+, respectively. The ion selectivity
factors were summarized in Table S1. Ca2+ selectivity was higher
for the following reasons: The presence of the [Ti-O]-H group pro-
motes the ion exchange behavior of the MXene electrode and con-
tributes to the adsorption of Ca2+, Mg2+, and Na+ through [Ti-O]-Ca,
[Ti-O]-Mg, [Ti-O]-Na, respectively. MXene owns a negatively
charged surface due to the hydroxyl groups. Thus, divalent cations
lm); (c) XRD patterns of the MXene electrode; and (d) XPS spectra of Ti3AlC2 and



Fig. 2. Kinetic curves of sorption for ions in mixed solution under three counter electrodes: (a) MXene electrode; (b) carbon fiber electrode; and (c) NiAl-LMO. The applied
voltage was 1 V, pHinitial = 6.5, and [Ca2+] = [Mg2+] = [Na+] = 2 mmol/L. (d) Kinetic curves of sorption for Ca2+ and Pb2+ by MXene cathode. The anode was a NiAl-LMO electrode;
the applied voltage was 1 V, pHinitial = 6.5, and [Ca2+] = [Pb2+] = 2 mmol/L.
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can provide more positive charges to neutralize the surface charge
of MXene than monovalent cations. Furthermore, divalent cations
are always easier to adsorb because of the lower hydration energy
[39], which has been demonstrated in the current study. The Gibbs
free energies of Mg2+, Ca2+, and Pb2+ hydrates are �1803, �1505,
and �1425 kJ/mol, respectively [40]. The lower hydration energy
allowed Ca2+ to be selectively and preferentially electrosorbed
compared to Mg2+. Moreover, Ca2+ a minimal adsorption capacity
when coexisting with Pb2+ because Pb2+ has a lower hydration
energy (Fig. 2d).

The electrosorption performances of Ca2+ by the MXene cathode
with three counter electrodes were investigated (Fig. 3a). The NiAl-
LMO electrode exhibited the highest Ca2+ adsorption capacity
because Cl- ions can be inserted into the NiAl-LMO layers, facilitat-
ing the adsorption based on the charge compensation balance
effect [36]. With a high-efficiency counter cathode, more cations
were forced to move toward and were adsorbed by the MXene
anode to maintain charge balance in solution, resulting in a higher
electrosorption capacity of 98.10 mg Ca2+/g. The comparisons on
Ca2+ adsorption performance in various literatures were listed in
Table S2. As shown in Fig. 3b and Table 1, the Ca2+ electrosorption
process by the MXene electrode coupled NiAl-LMO cathode fits
well with the Langmuir adsorption isotherm, which indicates that
the correlation coefficient of Langmuir adsorption isotherm
(R2 = 0.9626) is larger than that of Freundlich adsorption isotherm
(R2 = 0.9156). Therefore, the electrosorption process could be
ascribed as a single-layer adsorption [41], and the maximum equi-
librium adsorption capacity of Ca2+ electrosorption is 6.3 times
higher than that of Na+.
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The adsorption kinetics model of the electrosorption of Na+ and
Ca2+ in the electrosorption process at 0 V and 1 V were fitted
(Fig. 4a and 4b, and Table 2). When the voltage is 0 V, the
pseudo-second-order kinetic coefficients of Ca2+ and Na+ are larger
than the pseudo-first-order kinetic coefficients, which reveals that
the adsorption process is chemical adsorption [36]. However, the
first-order kinetic correlation coefficient was larger than the
second-order kinetic correlation coefficient when the voltage was
1.0 V, which may be ascribed to the enhancement of the double-
layer adsorption process under the applied voltage. Therefore,
physical adsorption played a significant role in the electrosorption
process of Ca2+ on the MXene electrode. The adsorption kinetics
and adsorption isotherms of Ca2+ and Na+ were consistent with
the experimental results shown in Fig. 2.

3.3. Ca2+ interaction with MXene electrode

Fig. 5a shows the CV curves of MXene electrodes in CaCl2,
MgCl2, and NaCl solutions, respectively, with a scanning rate of
100 mV/s. The shapes of the CV curves at a scanning rate of
100 mV/s were approximately rectangular, which are mainly
ascribed to conventional capacitive behavior. [42] No obvious
redox peak was observed in the CV curves, which indicates that
electrosorption occurred due to electrostatic attraction rather than
electrochemical reaction. This is consistent with the results of the
electrosorption kinetics simulation analyses. The MXene electrode
exhibited the largest specific capacitance in CaCl2 solution accord-
ing to the specific capacitance, which was calculated from the
areas of the CV curves [43]. This result indicates that the MXene



Fig. 3. (a) Kinetic curves of sorption for Ca2+ by MXene cathode with three counter electrodes, (b) isotherms of sorption for Ca2+ and Na+. (The applied voltage was 1 V,
pHinitial = 6.5, and [Ca2+] = [Na+] = 2 mmol/L.)

Table 1
Adsorption isotherm parameters.

Ion species Langmuir Freundlich

qm (mg/g) KL(L mg�1
) R2 KF((mg g�1)�(mg L�1)�1/n) 1/n R2

Ca2+ 1011.82 0.00195 0.9626 11.78658 0.59724 0.9156
Na+ 161.68 0.01060 0.8779 20.69335 0.29776 0.6929

Fig. 4. Adsorption kinetics fitting curves of (c) Ca2+, (d) Na+. ([Ca2+]initial = [Na+]initial = 2 mmol/L).

Table 2
Adsorption kinetic parameters.

Ion species Voltage (V) Pseudo-first-order model Pseudo-second-order model

qe (mg/g) k1 (min�1) R2 qe (mg/g) k2 (g mg�1 min�1) R2

Ca2+ 0 9.49 0.0598 0.9812 12.33 0.0045 0.9964
1 98.41 0.1727 0.9969 108.60 0.0023 0.9795

Na+ 0 6.23 0.048 0.9761 7.41 0.0084 0.9991
1 26.19 0.1536 0.9984 29.30 0.0072 0.9958
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electrode has the largest adsorption capacity for Ca2+ in compar-
ison with Mg2+ and Na+. The EIS spectra in the frequency range
from 0.1 Hz to 1.0 � 105 Hz are depicted in Fig. 5b. In the high-
frequency region, the point where the EIS curve intersects the X-
axis represents the impedance of the electrolyte and electrode
[44]. The impedance of the MXene electrode in CaCl2 is lower than
that in other electrolytes, suggesting that Ca2+ transferred more
543
easily from solution to the MXene electrode surface than Mg2+

and Na+, which is in agreement with the results of the great Ca2+

selectivity of the MXene electrode.
The MXene electrode after electrosorption was characterized to

further clarify the adsorption mechanism. As shown in Fig. 6a and
6b, a flocculent layer containing Ca, O, C, and Ti was observed on
the Ti3C2 surface after adsorption. From the XRD analysis



Fig. 5. (a) CV curves of MXene electrode with a scanning rate of 100 mV/s; (b) EIS profiles of MXene electrode in a frequency range from 0.1 Hz to 1.0 � 105 Hz
([CaCl2] = [MgCl2] = [NaCl] = 0.1 mol/L, pH = 6.5).

Fig. 6. (a) SEM images; (b) EDX energy spectrum; (c) XRD patterns; XPS spectra for (d) Ti 2p; (e) Ca 2p; and (f) O 1s of MXene electrode after adsorption of calcium ions. (the
applied voltage was 1 V, pHinitial = 6.5, and [Ca2+] = 2 mmol/L).

J. Sun, Q. Mu, T. Wang et al. Journal of Colloid and Interface Science 590 (2021) 539–547
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(Fig. 6c), the 002 peak of Ti3C2 increased by 2.17� after adsorption,
which corresponds with the increase in the lattice constant of the C
axis. This indicates that the Ti3C2 layer extends in the 002 direc-
tion, confirming that Ca2+ has been intercalated [45]. To achieve
a further understanding of the adsorption mechanism, the bonding
states of Ca 2p, Ti 2p, and O 1s were examined by XPS (Fig. 6d-f). A
Ca 2p peak was detected on the electrode, indicating that Ca2+ was
embedded successfully. After adsorption, the peak of Ca(II) shifted
to lower binding energy in comparison with that of Ca in pure
CaCl2, which demonstrated a strong affinity between Ca(II) and
MXene. The peaks of Ti and O also showed a similar shift to the left,
confirming the strong interaction between Ca2+ and Ti-O.
3.4. Optimization of Ca2+ electrosorption

Fig. 7a illustrates the Ca2+ electrosorption/desorption mecha-
nisms of the MXene electrode. When the MXene electrode is posi-
tively charged, Ca2+ is inserted between the titanium and carbon
atom layers by exchanging hydrogen atoms in [Ti-O]-H. When a
reverse voltage is applied, Ca2+ is deintercalated from the inter-
layer between the titanium and carbon layers, and the electrode
regenerates. Fig. 7b shows the Ca2+ concentration curve of the
MXene electrode for 5 successive electrosorption/desorption
cycles. The initial Ca2+ removal rate was 46.96% and the rate for
the tenth cycle was 45.34%. There was no significant decrease in
Ca2+ adsorption after 5 cycles of electrosorption/desorption pro-
Fig. 7. (a) Schematic diagram of MXene preparation and Ca2+ intercalation. (b) Cycle

Fig. 8. (a) Ca2+ removal with different electrode spacing. The applied voltage was 1 V, ini
three ions by electrosorption. The applied voltage was 1 V, the initial pH was 6.5, and [
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cess, suggesting that the MXene electrode owns great stability
and can be recycled and regenerated well in Ca2+ removal.

As shown in Fig. 8a, the electrosorption capacity of Ca2+ with
the MXene electrode gradually decreases with an increase in elec-
trode distance. The decrease in electrode distance enhances the
electrostatic force of ions in the electric field, resulting in increased
adsorption capacity. Fig. 8b shows the Ca2+ electrosorption capac-
ity of the MXene electrode at different solution pH values. When
the solution pH is weakly acidic (pH = 6.5), the adsorption capacity
of calcium ions is the largest, while when the solution is acidic or
alkaline, the adsorption capacity declines. When the solution pH is
5, excessive H+ binds to hydroxyl groups on MXene, thus reducing
the effective adsorption sites of calcium ions. When the solution
pH is 8, the calcium hydroxide precipitation generated by the reac-
tion between calcium ions and hydroxide may adhere to the sur-
face of MXene, thereby reducing the adsorption capacity.

4. Conclusion

The MXene electrode exhibited excellent selectivity for Ca2+

ions in the presence of Na+ and Mg2+. When CF was selected as
the counter electrode, the Ca2+/Mg2+ selectivity factor for elec-
trosorption reached 1.97, and Ca2+/Na+ selectivity factor could
achieve 5.85, respectively. In addition, the couple of cation selec-
tive electrode and anion sorption electrode was employed to pro-
mote the performance of CDI system. When the NiAl-LMO
cathode (anion sorption electrode) was used as the counter elec-
regeneration curve of Ca2+ removal at MXene electrode. ([Ca2+]initial = 1 mmol/L).

tial pH was 6.5, and [Ca2+] = 1 mmol/L. (b) Different pH conditions on the removal of
Ca2+] = 2 mmol/L.
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trode, the Ca2+ electrosorption performance was significantly
enhanced due to the valence compensation effect. As a result, the
Ca2+ electrosorption capacity is 9.84 times higher than that of
Na+ and 2.63 times higher than that of Mg2+. This was because
Ca2+ was more favorable to insert into the MXene layer of the elec-
trode during the electrosorption process in comparison with Na+

and Mg2+, forming the [Ti-O]-Ca bonds, which was controlled by
the hydration energy. Low electrode distance and weak acid pH
facilitated the intercalation of Ca2+ by electrosorption and pro-
moted the adsorption capacity. Furthermore, the Ca2+ would be
released to the bulk solution and the MXene electrode would be
regenerated with a reverse applied voltage. After the electrosorp-
tion/desorption cycle for 5 runs, the Ca2+ removal rate only
decreased from 46.96% to 45.34%. MXene electrodes exhibit out-
standing electrosorption performance with great stability, which
was considered as a promising electrode material for softening
water.
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