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electrode for electrode ionization with antifouling
activity†

Jingjing Lei,a Fei Yu, b Haijiao Xiec and Jie Ma *a

Scaling, corrosion, and biofouling have enormous economic impacts and potential safety hazards to

circulating cooling water systems in industry. Capacitive deionization (CDI) technology, through the

rational design and construction of electrodes, is expected to tackle these three problems

simultaneously. Here, we report a flexible self-supporting Ti3C2Tx MXene/carbon nanofiber film

fabricated by electrospinning. It served as a multifunctional CDI electrode with high-performance

antifouling and antibacterial activity. One-dimensional (1D) carbon nanofibers bridging two-dimensional

(2D) Ti3C2Tx nanosheets formed a three-dimensional (3D) interconnected conductive network, which

expedited the transport and diffusion kinetics of electrons and ions. Meanwhile, the open-pore

framework of carbon nanofibers anchored Ti3C2Tx, which alleviated self-stacking and enlarged the

interlayer space of Ti3C2Tx nanosheets, thereby offering more sites for ion storage. The electrical double

layer-pseudocapacitance coupled mechanism endowed the prepared Ti3C2Tx/CNF-14 film with high

desalination capacity (73.42 ± 4.57 mg g−1 at 60 mA g−1), rapid desalination rate (3.57 ± 0.15 mg

g−1 min−1 at 100 mA g−1), and longish cycling life, and outperformed other carbon- and MXene-based

electrode materials. More importantly, on account of the desirable hydrophilicity, good dispersion, and

sufficient exposure of the sharp edges of Ti3C2Tx nanosheets, Ti3C2Tx/CNF-14 concurrently delivered an

impressive inactivation efficiency against Escherichia coli, reaching 99.89% within 4 h. Our study draws

attention to the simultaneous killing of microorganisms through the intrinsic characteristics of well-

designed electrode materials. These data could aid application of high-performance multifunctional CDI

electrode materials for treatment of circulating cooling water.
1 Introduction

The imbalance between the demand and supply of water
resources is becoming increasingly prominent, and water
purication has become a research “hotspot”. With regard to
total water consumption, the proportion of industrial water
consumption is 60–80%, of which circulating cooling water
accounts for the largest proportion (about 70–80% of industrial
water consumption). Circulating cooling water is indispensably
and widely used in steel, metallurgy, electric power, petro-
chemical, and other industrial elds. In a circulating cooling
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water system, a 300 000 kW condensing unit pumps ∼33 000
tons of water per hour. At the same time, fresh water must be
replenished and, coupled with evaporation loss, results in an
enormous amount of water-resource consumption and sewage
discharge. The global action on climate change aer 2020 has
been arranged in the Paris Agreement.1 As one of the contrac-
tual parties, China has committed to the world to reach
a carbon peak in 2030 and achieve carbon neutrality in 2060.2

Formulation of this “dual-carbon” strategic goal brings forward
stricter requirements for highly effective and low-consumptive
treatment with circulating cooling water.3

In a system for circulating cooling water, ions such as Ca2+,
Mg2+, and Cl− and microorganisms will inevitably lead to
scaling, corrosion, and biofouling problems with an increase in
circulation times, thereby seriously threatening the efficiency
and safety of production. At present, dosing water-quality
stabilizers (including bactericides, scaling inhibitors and
corrosion inhibitors) are the rst choice for the disposal of
circulating cooling water.4,5 However, the dosed chemical agent
is also a burden of operation, and circulating cooling water
working with residual chemicals will greatly reduce the effi-
ciency of heat transfer, resulting in higher energy consumption.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Moreover, water-quality stabilizers such as amino trimethylene
phosphonic acid (ATMP), etidronic acid (HEDP) or methyl
benzotriazole (TTA) contain nitrogen or phosphorus, which
make sewage eutrophic, and then cause red tides and algal
blooms.6 With regard to methods of membrane ltration,
including reverse osmosis,7 nanoltration,8 and electrodial-
ysis,9,10 the membrane is expensive and readily blocked by
microorganisms and corrosion products in water during oper-
ation. Hence, the membrane must be cleaned regularly, which
leads to huge investment costs. Therefore, given the new
requirements, exploring a new method under the background
of “dual-carbon” is needed urgently.

Capacitive deionization (CDI), as an emerging electro-
chemical water-treatment technology, is attractive to
researchers in water purication because of its low cost, high
energy efficiency, environmental friendliness, and portable
implementation. Electrode materials (the core component of
CDI technology) play a crucial part in the performance and
efficiency of deionization.11–13 Furthermore, desirable func-
tionalities other than ion removal for CDI, such as degradation
of organic compounds,14,15 antifouling activity, and antibacte-
rial activity,16 can be endowed through the rational design and
construction of electrode materials without adding chemical
reagents.17 Two-dimensional (2D) transition-metal carbide or
nitride MXenes remove ions through a pseudocapacitive-based
intercalation effect.18 Thus MXenes have been demonstrated to
possess a greater desalination capacity than conventional CDI
carbon electrodes based on an electric double layer (EDL)
mechanism.19–23 More importantly, the surface functional
groups (–O, –OH, and –F) of MXenes endow them with excellent
hydrophilicity, which is favorable for antibacterial activity.
Rasool et al. showed that, compared with the widely reported
antibacterial agent graphene oxide,24,25 Ti3C2Tx MXene exhibi-
ted stronger antibacterial activity toward Gram-negative
Escherichia coli and Gram-positive Bacillus subtilis.26 Other
attractive properties of MXenes also favor CDI, such as excellent
electrical conductivity, mechanical exibility, chemical
stability, and thermal stability. These admirable properties
rarely coexist in one kind of material, making MXenes prom-
ising high-performance CDI electrodes for efficient treatment of
circulating cooling water.27–29 Unfortunately, due to van der
Waals forces, 2D MXene nanosheets tend to self-accumulate
and cause irreversible agglomeration, resulting in a serious
reduction of exposed active sites, clogging of ion-transport
channels and, ultimately, deterioration of the advantageous
characteristics stated above.30 Furthermore, the lack of inter-
connectivity between nanosheets and a macroscopic powder
state hampers the formation of conductive networks and ex-
ible reuse of collections.31,32 Thus, the construction of multi-
functional CDI electrodes formed by exible and binder-free
MXene-based materials with well-designed structures and
fully implemented properties remains a great challenge.

Herein, we fabricated the Ti3C2Tx MXene/carbon nanober
electrode with antibacterial and antifouling functions for
treatment of circulating cooling water. Electrospinning tech-
nology decentralizes MXene nanosheets, and endows multi-
functional electrodes with a self-supporting ability. Research on
© 2023 The Author(s). Published by the Royal Society of Chemistry
the structure of MXene-based carbon nanobers has been
limited to capacitors and Li+/Na+ batteries,33–37 whereas the
fascinating properties of ion removal and antibacterial perfor-
mance in aqueous solution have yet to be investigated. This
work is interesting because it exemplies the rational design of
multifunction CDI electrodes. In terms of the dominant func-
tion, it manipulates the synergistic cooperation of the EDL
mechanism of carbon nanobers and the pseudocapacitive
effect of MXene for efficient desalination. Moreover, it pays
unprecedented attention to the intrinsic antimicrobial activity
of CDI electrode materials, providing new inspiration to the
selection, design, and application of more abundant CDI elec-
trode materials. This work shows that advanced CDI lm elec-
trodes with superior mechanical exibility, anti-biofouling
property, and desalination performance can facilitate the broad
application prospects of CDI in the treatment of circulating
water.

2 Results and discussion

A schematic diagram for the fabrication of a Ti3C2Tx/CNF
nanober composite lm is shown in Fig. 1a. The MAX phase
(Ti3AlC2) was rst etched by LiF and HCl to obtain Ti3C2Tx,
which exhibited a typical “accordion-like” feature (Fig. 1b).
Etched Ti3C2Tx was subjected to ultrasonic exfoliation, which
resulted in a few-layer or single-layer structure and a clear 2D
sheet-like feature (Fig. 1c). For further dispersion and size
reduction, Ti3C2Tx was suspended in DMF and then cell-ground
ultrasonically in an ice bath to obtain Ti3C2Tx nanosheets. PAN
was added to the DMF suspension of Ti3C2Tx nanosheets for
electrospinning, during which Ti3C2Tx nanosheets were
anchored between PAN frameworks (Fig. 1d). Aer carboniza-
tion, the backbone of the PAN polymer was transformed into
carbon nanobers, and a Ti3C2Tx/CNF nanober composite lm
was formed. Elemental mapping indicated evenly distributed C,
O, Ti, and F on or in the bers (Fig. 1e), thereby showing the
successful coupling of Ti3C2Tx nanosheets and carbon nano-
bers, and Ti3C2Tx nanosheets completed the conversion of 2D
to 1D.

As shown in Fig. 2a, the pure PAN nanober lm was white,
but became dark gradually with an increase in Ti3C2Tx content.
The uniform color indicated good dispersion of Ti3C2Tx on the
nanobers macroscopically. Pure PAN nanobers exhibited
a smooth surface and the average diameter was around 300–
400 nm, whereas the surface became rough and the ber
diameter increased gradually upon Ti3C2Tx addition, with the
appearance of characteristic wrinkles (Fig. 2b–g). From the
perspective of the relative position of Ti3C2Tx and PAN, the
Ti3C2Tx nanosheets were dispersed by PAN with longitudinal
stretching or wrapping through electrospinning, and without
obvious agglomeration. These wrinkles arose from the exposed
sharp edges of Ti3C2Tx nanosheets, which means an increase in
the active area for reactions, thereby beneting the storage of
charge and ions as well as antibacterial activity. In addition, the
cross-section of the Ti3C2Tx-added lm maintained the state of
stacked bers similar to the PAN ber lm (Fig. S1†), which
guarantees ber toughness and an electron-transport network.
Chem. Sci., 2023, 14, 3610–3621 | 3611
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Fig. 1 (a) Ti3C2Tx/CNF fabrication (schematic). TEM images of etched Ti3C2Tx (b), exfoliated Ti3C2Tx (c), and Ti3C2Tx/PAN (d). (e) SEM images of
Ti3C2Tx/PAN and corresponding elemental mappings.
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Superior hydrophilicity is essential for the effective applica-
tion of materials for desalination and sterilization in aqueous
solutions, which means higher accessibility. The wettability of
all nanober lms was investigated by measurement of the
water contact angle (Fig. 2h). CNF derived from pure PAN is
hydrophobic, and the water contact angle decreased slightly
from CNF to Ti3C2Tx/CNF-10, whereas Ti3C2Tx/CNF-14 pre-
sented a wetted state. These data indicated that Ti3C2Tx/CNF-14
had high hydrophilicity and the greatest possibility of contact
with salt ions and bacteria in water, thereby removing them
efficiently. This feature may originate from very exposed Ti3C2Tx

nanosheets with a mass of hydrophilic functional groups (–OH,
–F, –O) on the surface, which helped to improve the wettability
of composite lms.

Stabilization is the most critical step in the conversion of
PAN to CNF, which has a decisive impact on the quality of the
nal ber. At this stage, PAN undergoes –CN cyclization, dehy-
drogenation, and oxidation reactions, so the linear PAN mole-
cule transforms into a stable ladder structure.38 Aer
stabilization, the thermal stability of bers is greatly improved,
so that they can be infusible and incombustible in the subse-
quent carbonization process, and the nal product CNF main-
tains the ber morphology. However, during the stabilization
3612 | Chem. Sci., 2023, 14, 3610–3621
process, the ber structure andmorphology undergo a dramatic
transformation, which is prone to defects, and mechanical
properties (e.g., toughness and strength) are seriously reduced.
Ti3C2Tx MXene has been reported to be an inorganic ller with
high stiffness.39 Aer embedding in polymer matrices, it can
enhance the mechanical properties of composites greatly.
Therefore, in this work, Ti3C2Tx with a 2D lamellar structure
connected the readily fractured 1D bers, playing the part of
a strong rebar to assist PAN nanobers (concrete) to resist the
structural collapse that is prone to occur during stabilization.
Pure PAN-derived CNF had weak mechanical properties and fell
into small pieces aer deformation (Fig. S2†), thereby making it
difficult to prepare self-supporting lms.40 The exibility and
mechanical properties of the ber lms were proportional to
the content of Ti3C2Tx. The obtained Ti3C2Tx/CNF-14 performed
the best, which was attested by various mechanical deforma-
tions, such as bending, rolling, and twisting (Fig. 2i).

Thermogravimetric analysis (TGA) was undertaken on all
samples (Fig. 2j). The mass loss of bulk Ti3C2Tx at 150 °C was
8.39%, which could be ascribed to the evaporation of the
remaining DMF and removal of the water in the Ti3C2Tx inter-
layer and functional groups on the Ti3C2Tx surface.33,41 The
mass loss of the pure PAN lm at 1000 °C was 54.59%. Based on
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Optical images of a disk (diameter = 25 mm) cut from as-spun nanofiber films with different Ti3C2Tx concentrations. SEM images of
a PAN nanofiber film (b), Ti3C2Tx/PAN-1 (c), Ti3C2Tx/PAN-3 (d), Ti3C2Tx/PAN-5 (e), Ti3C2Tx/PAN-10 (f), and Ti3C2Tx/PAN-14 (g). Optical images of
the water contact angle (h) and the flexibility of Ti3C2Tx/CNF-14 (i); (j) TGA curves of as-spun nanofiber films with different Ti3C2Tx
concentrations.
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the total weight loss percentage of composite lms versus the
pure PAN lm at the same temperature (1000 °C), the mass
loading of Ti3C2Tx in composite lms was estimated and
summarized in Table S1.† According to the calculations,
a composite lm composed of 6.1 wt% Ti3C2Tx could be fabri-
cated with only 1 wt% Ti3C2Tx addition to the electrospinning
solution, whereas the Ti3C2Tx mass loading in Ti3C2Tx/CNF-14
was 23.09%.

In the XRD pattern (Fig. 3a), the diffraction peak at 2 q =

16.42° was attributed to the (100) crystal plane of PAN bers. A
strong diffraction peak at 6.44° appeared when Ti3C2Tx was
doped, which could be attributed to the characteristic diffrac-
tion peak of the Ti3C2Tx (002) crystal plane.42 As the Ti3C2Tx

content increased, the peak shied from 6.44° to the le to
5.88°, which corresponded to enlargement of the interlayer
© 2023 The Author(s). Published by the Royal Society of Chemistry
space of Ti3C2Tx.43 This phenomenon was due to the good
dispersion between PAN and Ti3C2Tx, which is favorable for the
insertion and deintercalation of ions. In the FTIR spectra
(Fig. 3b), the absorption peaks in the range 1500–1600 cm−1

were C]C and C]N stretching vibrations belonging to CNF. A
peak bulge at 1670 cm−1 was a result of the overlapping
frequencies of conjugated C]C and C]N bonds.34 The
absorption peaks around 1454 cm−1 and 1210 cm−1 repre-
sented the in-plane bending vibrations of C–H of CNF. The
absorption peaks of the O–H stretching vibration of the Ti3C2Tx

surface group were at 3630–3740 cm−1, whereas the peaks at
500–530 cm−1 indicated the existence of the Ti–C bonds of
Ti3C2Tx. The Raman spectra in Fig. 3c show the in-plane (Eg)
and out-of-plane (A1g) vibration modes for the C atoms of
Ti3C2Tx to be around 640 cm−1, whereas the peak at 435 cm−1
Chem. Sci., 2023, 14, 3610–3621 | 3613
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Fig. 3 XRD patterns (a), FTIR data (b), and Raman spectra (c) of samples. (d) XPS surface survey scan spectra of Ti3C2Tx/CNF-14, Ti3C2Tx/PAN-14,
and PAN. High-resolution XPS spectra of C 1s (e), O 1s (f), N 1s (g), F 1s (h), and Ti 2p (i) of Ti3C2Tx/CNF-14.
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was assigned to the Eg-group vibration originating from in-
plane Ti atoms.37 The broad peaks at 1330–1400 cm−1 and
1587–1683 cm−1 corresponded to the defect-induced mode (D-
band) and graphite-induced mode (G-band), respectively. The
D-band denoted the sp3 hybrid-disordered carbon structure,
whereas the G-band represented the sp2 hybrid graphitic carbon
structure. A small intensity ratio of the D-band and G-band (ID/
IG) signies higher graphitization.44 The value of ID/IG decreased
from 1.25 to 1.02 as the Ti3C2Tx content increased, signifying
that Ti3C2Tx contributed to transformation of the internal
structure of bers to the graphitic carbon structure during
carbonization, which is conducive to the transport of electrons
for CDI.

Fig. 3d shows that CNF was composed of C, O, and N
elements. Ti and F elements in Ti3C2Tx/PAN-14 and Ti3C2Tx/
CNF-14 were evidence for the existence of Ti3C2Tx. In the C 1s
spectra of Ti3C2Tx/CNF-14 (Fig. 3e), the peaks at 284.50, 284.90,
286.26, 288.34, and 290.94 eV could be assigned to C–C, C–Ti,
C–N, O–C]O, and C]F bonds, respectively. The O 1s spectra in
Fig. 3f could be decoupled into Ti–O (530.72 eV) and Ti–OH
3614 | Chem. Sci., 2023, 14, 3610–3621
(532.69 eV). For F 1s spectra (Fig. 3g), the peaks centered at
686.08 and 687.44 eV correspond to the F–Ti and F–C bonds,
respectively. The data stated above conrmed the abundant
functional groups (–F, –OH and –O) on the Ti3C2Tx surface. The
Ti 2p XPS spectra of Ti3C2Tx/CNF-14 (Fig. 3h) could be decon-
volved into three doublets and one satellite peak (469.57 eV).
The peaks at 455.65 and 462.76 eV could be allotted to the most
predominant Ti–C 2p3/2 and Ti–C 2p1/2 in Ti3C2Tx, whereas the
other two doublets were Ti–O 2p3/2 (458.49 eV), Ti–O 2p1/2
(464.34 eV), Ti(II) 2p3/2 (456.96 eV), and Ti(II) 2p1/2 (462.76 eV),45

which are analogous to those of bulk Ti3C2Tx.46 Furthermore, in
the deconvoluted N 1s spectra (Fig. 3i), the peaks located at
398.12, 400.05, and 400.86 eV supported the presence of
pyridine-N, pyrrolic-N, and graphitic-N, respectively. Diverse N
heteroatoms are favorable for CDI.47 Graphite-N can improve
the electronic conductivity of a carbon framework. Edge-type
nitrogen congurations (pyridine-N and pyrrole-N) are bene-
cial to the wettability of the carbon structure thus improving the
accessibility of the salt solution, and can also enhance the redox
reaction thus conducive to pseudocapacitance.48 Overall,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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a heteroatomic N atom is more electronegative than a C atom,
which induces charge redistribution, resulting in a higher
electron density, thereby increasing the ability to attract
cations/anions.

As shown in Fig. 4a and S3a,† all CV curves of CNF and
Ti3C2Tx/CNF-14 had no peaks in the range −0.2 V to 0.6 V,
exhibiting an approximately rectangular shape, which indicates
that the capacitive response may be mainly due to EDL capac-
itance rather than electrochemical redox reactions. The CV
curves of Ti3C2Tx/CNF-14 were slightly distorted compared with
those of CNF, which is evidence of pseudocapacitance.49

Furthermore, the distribution of the CV curves was very
symmetrical, reecting that the salt ions could be reversibly and
efficiently adsorbed to and desorbed from the electrode.
Notably, Ti3C2Tx/CNF-14 possessed a higher specic capaci-
tance than that of CNF because the area of the CV curve was
larger (Fig. 4b). Moreover, the specic capacitance calculated
based on the CV curves of Ti3C2Tx/CNF-14 was always higher
than that of CNF at any scan rate (Fig. S4†). The absence of
a platform on GCD proles in Fig. 4c and S3b† suggests no
redox processes. The charge and discharge time of Ti3C2Tx/CNF-
14 was signicantly longer than that of CNF (Fig. 4d), which
further attests to the larger charge capacity provided by Ti3C2Tx/
CNF-14. This superior capacitive performance was derived from
the addition of pseudocapacitive Ti3C2Tx and the formation of
a unique and rational hierarchical structure. In the EIS study,
the Nyquist plots of CNF and Ti3C2Tx/CNF-14 consisted of
a small semicircle and steep linearity (Fig. 4e). According to the
tting results of the equivalent circuit (inset in Fig. 4e), Ti3C2Tx/
CNF-14 had lower internal resistance RU (1.31 U) and charge-
transfer resistance Rct (1.02 U) than those of CNF (RU = 2.55
U, Rct = 5.04 U). These data indicated that Ti3C2Tx/CNF-14 had
better electronic conductivity, which was beneted from the
Fig. 4 (a) CV curves of Ti3C2Tx/CNF-14 at different scan rates. (b) CV
Ti3C2Tx/CNF-14 at different current densities. (d) GCD profiles of CNF and
CNF-14. (f) Long-term GCD test of Ti3C2Tx/CNF-14 at 2 A g−1.

© 2023 The Author(s). Published by the Royal Society of Chemistry
elaborate conductive network of Ti3C2Tx/CNF-14 formed by 1D
CNF bridging 2D Ti3C2Tx. Z

′ and u−1/2 in the low-frequency
region were tted to obtain the Warburg factor. Fig. S5†
shows that Ti3C2Tx/CNF-14 had a smaller slope, suggesting
a faster rate of ion diffusion. The GCD long-cycle experiment
was undertaken at 2 A g−1 to examine the electrochemical
stability of Ti3C2Tx/CNF-14 (Fig. 4f). Aer 5000 cycles, the
charge-and-discharge capacity did not decay, nor did coulombic
efficiency or capacity retention. The excellent electrochemical
cycle performance of Ti3C2Tx/CNF-14 could ensure a long
service life in CDI applications.

Exploring the antibacterial activity of Ti3C2Tx/CNF-14 is
conducive to the discovery of potential applications in
biofouling resistance. Nanomaterials have been reported to be
less effective at inactivating Gram-negative bacteria than Gram-
positive strains.24,50 Among them, the representative Gram-
negative bacterium E. coli has a negatively charged cell wall
and cytoplasmic plasma membrane with an isoelectric point of
4–5, which generates many negative charges in the medium.
Therefore, E. coli is resistant to the negatively charged Ti3C2Tx.
In addition, E. coli is covered with a peptidoglycan layer, and
protected by an external lipid membrane, which hampers
inactivation.26 Thus, E. coli was selected as the target bacterium
to determine the antibacterial activity of lm samples.

Fig. 5a displays the growth state of E. coli on NA aer contact
with lm samples for 4 h. Compared with the control and CNF,
the number of colonies upon Ti3C2Tx addition declined signif-
icantly and was dependent on the Ti3C2Tx dose. Therefore,
Ti3C2Tx was responsible for the antibacterial activity in the
composite. Fig. 5b summarizes the results of colony counts in
parallel experiments with time intervals. Within 4 h, the colony
number in the blank control remained stable, whereas that of
CNF decreased slightly, which may have been due to the low
curves of CNF and Ti3C2Tx/CNF-14 at 50 mV s−1. (c) GCD profiles of
Ti3C2Tx/CNF-14 at 1000mA g−1. (e) Nyquist plots of CNF and Ti3C2Tx/
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Fig. 5 (a) Photographic images of Escherichia coli cultivated on NA plates after treatment with film samples for 4 h (0%, 1%, 3%, 5%, 10%, and 14%
refer to the samples CNF, Ti3C2Tx/CNF-1, Ti3C2Tx/CNF-3, Ti3C2Tx/CNF-5, Ti3C2Tx/CNF-10, and Ti3C2Tx/CNF-14, respectively). (b) Inactivation
effect of all film samples on E. coli. E. coli suspension in physiological saline water without film samples was used as a control. (c) Linear fitting
chart of disinfection kinetics based on Chick's classical disinfection model. (d) Inactivation diagram of Ti3C2Tx/CNF-14 towards E. coli
(schematic).
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adhesion of nanobers. The colony number for all Ti3C2Tx-
containing lm samples decreased gradually with time, and the
inactivation efficiency increased as the amount of Ti3C2Tx

added increased. Ti3C2Tx/CNF-14 had conspicuous antibacte-
rial activity, with an inactivation efficiency of 97.86% within 2 h,
and reached 99.89% within 4 h. Antibacterial kinetics were
explored and are shown in Fig. 5c. The calculated coefficient of
determination (R2) and pseudo-rst-order rate constant (k)
according to Chick's classical disinfection model are listed in
Table S2,† in which high values of R2 indicate that Chick's
model agrees well with experimental data.51 With an increase in
the amount of Ti3C2Tx added, the rate of bacterial inactivation
increased continuously. The k value increased from
0.00182 min−1 for Ti3C2Tx/CNF-1 to 0.01303 min−1 for Ti3C2Tx/
CNF-14, which revealed the exceptional inactivation rate of
Ti3C2Tx/CNF-14.
3616 | Chem. Sci., 2023, 14, 3610–3621
The physical interaction between sharp edges and the
surface of a bacterial membrane plays a vital part in the anti-
bacterial activity of nanosheets.52,53 The remarkable antibacte-
rial activity of Ti3C2Tx/CNF-14 was rst enhanced by the
uniform distribution and high dispersion of Ti3C2Tx on CNF,
which enabled the sharp edges of Ti3C2Tx to be more fully
exposed to the E. coli suspension. Furthermore, the porous 1D
CNF interconnecting and interweaving 2D hydrophilic Ti3C2Tx

nanosheets made Ti3C2Tx/CNF-14 highly hydrophilic, which
allowed E. coli to attach to Ti3C2Tx/CNF-14 more efficiently,
further enhancing the contact between the edges of Ti3C2Tx and
E. coli. Hence, adherent E. coli was killed according to direct
contact. The inactivation process of Ti3C2Tx/CNF-14 against E.
coli is shown in Fig. 5d. Due to favorable hydrophilicity, E. coli in
the water to be treated can make contact with Ti3C2Tx/CNF-14
readily. Meanwhile, the sharp edges of Ti3C2Tx nanosheets
disrupt the plasma membrane and cell wall of E. coli, resulting
© 2023 The Author(s). Published by the Royal Society of Chemistry
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in cytoplasmic leakage and release of bacterial DNA from the
cytosol, which in turn causes the lysis and death of E. coli cells.54

Aer E. coli lysis, Ti3C2Tx nanosheets anchored on CNF can
continue to sterilize tautologically, so the antibacterial activity
of Ti3C2Tx/CNF-14 has long-lasting stability.

Fig. S6a† illustrates the CDI cell in this study, which was
employed in batch mode for the desalination experiment
(Fig. S6b†). The indicators for CDI performance of this system
in constant-current mode and constant-voltage mode were
compared (Fig. S7†). On the premise of close desalination
capacity for the two modes, the constant-voltage mode caused
a slower desalination rate and greater energy consumption that
undesired. Therefore, the constant-current mode was more
suitable for our operation system, and can better express the
superiority of the electrode conguration. Hence, the constant-
current mode was chosen for desalination tests in this work.
The indices for the desalination performance of Ti3C2Tx/CNF-14
capacitive deionization in NaCl solution were studied system-
atically. First, in NaCl solution (10 mmol), Fig. 6a shows the
opposite trends of desalination capacity and desalination rate
of Ti3C2Tx/CNF-14 at 1.2 V: as the current density increased,
a desalination capacity of 73.42 ± 4.57 mg g−1 at 60 mA g−1 and
a maximum desalination rate of 3.57 ± 0.15 mg g−1 min−1 at
100 mA g−1 were reached. In constant-current mode, the desa-
lination rate is determined by the current density, while the
cutoff voltage restricts the desalination time of the system.
Hence, the desalination capacity of Ti3C2Tx/CNF-14 increased
with an increase in the cutoff voltage, whereas the desalination
rate was relatively constant (Fig. 6b). When the initial concen-
tration of NaCl was increased, the desalination capacity of
Ti3C2Tx/CNF-14 increased signicantly (Fig. 6c), which was due
to more opportunities for contact with ions and the buffering of
Ti3C2Tx on the co-ion effect. The charge efficiency and energy
consumption were calculated for the experiments stated above,
and illustrated in Fig. S8a–c,† respectively. Overall, there was
a high charge efficiency of Ti3C2Tx/CNF-14 (around 1), which
decreased slightly as the cutoff voltage increased, mainly
because the electrode is susceptible to polarization at this time,
then undesired side reactions are more likely to occur. The
current density does not inuence the charge efficiency or
energy consumption but, for the cutoff voltage, the increased
desalination capacity comes at the expense of a signicant
increase in energy consumption. Desalination capacity
increases with the initial concentration, but energy consump-
tion can be maintained at a low level, as well as a stable desa-
lination rate. Therefore, it can be concluded that Ti3C2Tx/CNF-
14 has great potential for desalination in high-concentration
brine. The experiment on seawater desalination was under-
taken with two CDI cells connected in series. In NaCl solution
with a concentration up to 600 mM, the conductivity of the
solution decreased signicantly (3429.2 mS cm−1) (Fig. S9†),
which highlights more possibilities of Ti3C2Tx/CNF-14 in water
purication.

The long-cycle CDI desalination experiments of Ti3C2Tx/
CNF-14 were carried out at 100 mA g−1, 1.2 V, and NaCl solution
(10 mmol). As shown in Fig. 6d, except for uctuations in the
rst 10 cycles, the subsequent desalination capacities remained
© 2023 The Author(s). Published by the Royal Society of Chemistry
steady. Aer 50 cycles, the capacity retention rate was 84.71%,
and the adsorption capacity was equal to the desorption
capacity, which veried the outstanding cycle and regeneration
performance of Ti3C2Tx/CNF-14. Fig. 6e shows a comparison of
the desalination capacity and cycling performance of symmetric
CDI cells constructed from Ti3C2Tx/CNF-14 and CNF, respec-
tively. The desalination capacity of Ti3C2Tx/CNF-14 was higher
than that of CNF at all current densities. Even at a high current
density of 100 mA g−1, Ti3C2Tx/CNF-14 retained about 20.08 mg
g−1 of desalination capacity, which was close to 7-times that of
CNF (2.98 mg g−1). More importantly, aer desalination cycles
with different current densities, the desalination capacity of
Ti3C2Tx/CNF-14 could recover to the initial level, which once
again demonstrated the superior cycle-regeneration perfor-
mance and stability of Ti3C2Tx/CNF-14.

In addition, Ti3C2Tx/CNF-14 also had outstanding desalina-
tion capacity for other common cations in circulating cooling
water. Desalination tests were conducted on solutions of CaCl2,
MgCl2, and KCl, all at 10 mmol, at 1.2 V (Fig. 6g). The desali-
nation capacities were 23.80 ± 1.20 mg g−1, 16.95 ± 2.58 mg
g−1, and 23.40 ± 1.61 mg g−1 within 60 min, respectively. The
corresponding molar desalination capacities were 0.21 ±

0.01 mmol g−1 of Ca2+, 0.18 ± 0.02 mmol g−1 of Mg2+, and 0.31
± 0.02 mmol g−1 of K+. In particular, the molar desalination
capacity of monovalent ions was not approximately twice that of
divalent ions, indicating that the desalination behavior of the
Ti3C2Tx/CNF-14 electrode not only originated from the EDL
mechanism, but also due to the participation of pseudocapa-
citance.55 The CDI performances of the Ti3C2Tx/CNF-14 elec-
trode for the mixed ion solution containing CaCl2, MgCl2, KCl,
and NaCl, all at 10 mmol, and actual circulating cooling water
(Table S3†) were tested. Changes in the total dissolved solids
(TDS) and conductivity of the solution were monitored,
respectively, and are summarized in Fig. 6h. The TDS-removal
capacity of Ti3C2Tx/CNF-14 for the two solutions was
254 mg L−1 and 262 mg L−1, whereas the corresponding
removal efficiency was 34.99% and 16.56%, respectively. The
fairly good TDS-removal capacity conrmed the potential ability
for Ti3C2Tx/CNF-14 to cope with actual circulating cooling water
with complex components.

Fig. 6i displays the well-designed desalination mechanism of
Ti3C2Tx/CNF-14 capacitive deionization. In the CDI cell in this
work, self-supporting Ti3C2Tx/CNF-14 was used directly as the
cathode and anode, without the conventional addition of
adhesives and conductive substances that are not contributors
to desalination capacity. If the two electrodes are positively and
negatively charged, anions and cations will migrate and accu-
mulate in the anode and cathode, respectively. At this time, the
interlaced 1D carbon nanobers act as bridges to connect the
dispersed 2D Ti3C2Tx sheets. This action leads to formation of
a 3D interconnected conductive network that provides fast
transport of electrons and ions, whereas the pseudocapacitive
ion intercalation-based Ti3C2Tx provides an ultra-large inter-
layer space for ion storage. Therefore, the electric double layer
and pseudocapacitance cooperated synergistically and elabo-
rately to facilitate rapid and high-capacity capacitive
Chem. Sci., 2023, 14, 3610–3621 | 3617
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Fig. 6 Capacity and rate of desalination of Ti3C2Tx/CNF-14 at different current densities (a), cutoff voltages (b), and NaCl initial concentration (c).
(d) Cycling and regeneration performance of Ti3C2Tx/CNF-14 at 100mA g−1 over 50 cycles. (e) Desalination capacity of CNF and Ti3C2Tx/CNF-14
at different current densities. (f) Comparison of the desalination performance of Ti3C2Tx/CNF-14with other carbon- andMXene-based electrode
materials. (g) Mass andmolar desalination capacity of Ti3C2Tx/CNF-14 for CaCl2, MgCl2, and KCl. (h) TDS-removal capacity of Ti3C2Tx/CNF-14 for
amixed ion solution (up) and circulating cooling water (down). Inset shows the change in conductivity. (i) Ti3C2Tx/CNF-14 capacitive deionization
(schematic).
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deionization desalination, preceding other carbon- and MXene-
based electrode materials (Fig. 6f and Table S4†).

Density functional theory (DFT) calculations were carried out
to further explain the ion-storage mechanism (Fig. 7). The
structures of Na and Cl adsorbed by CNF, Ti3C2Tx, and Ti3C2Tx/
CNF were optimized (Fig. S10†). Yellow and blue colors in
Fig. 7a indicate electron accumulation and depletion, respec-
tively. These differences in charge density originated from
3618 | Chem. Sci., 2023, 14, 3610–3621
remarkable charge transfer from Na atoms and Cl atoms to the
interface of Ti3C2Tx and CNF, and a large amount of charge
depletion occurred around the adsorbed Na and Cl atoms. The
adsorption energies of the three structures for Na and Cl are
summarized in Fig. 7c. The adsorption of Na and Cl by CNF was
positive (0.45 eV and 0.60 eV), indicating endothermic adsorp-
tion,56 whereas the absolute values were signicantly lower than
those of Ti3C2Tx and the interface. The adsorption energies of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Differences in charge densities for Na (a) and Cl (b) adsorbed by the interface of CNF and Ti3C2Tx. (c) Adsorption energy for Na and Cl
adsorption of CNF, Ti3C2Tx, and Ti3C2Tx/CNF. (d) DOS spectra of CNF, Ti3C2Tx, and Ti3C2Tx/CNF.
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Ti3C2Tx and Ti3C2Tx/CNF interface for Cl were similar. However,
the most negative adsorption energy of the Ti3C2Tx/CNF inter-
face for Na (−2.30 eV) suggested the strongest adsorption
compared with CNF and Ti3C2Tx (−1.18 eV). The data stated
above may signify that the improved deionization of Ti3C2Tx/
CNF mainly contributed to the enhancement of Na adsorption.
Moreover, the density of states (DOS) calculation of the Ti3C2Tx/
CNF interface around the Fermi level (0 eV) in Fig. 7d shows
more electron states compared with CNF and Ti3C2Tx, thereby
demonstrating a higher electronic conductivity.57,58 Analyses of
theoretical calculation results showed the superiority of a hier-
archical structure constituted by CNF bridging Ti3C2Tx in ion
diffusion and electron migration, which was consistent with
experimental results.
3 Conclusions

Ti3C2Tx MXene/carbon nanober exible self-supporting lm
was established for a multifunctional electrode with high-
performance capacitive deionization, antifouling, and antibac-
terial activity. The unique 3D conguration of 1D CNF bridging
2D Ti3C2Tx nanosheets endowed Ti3C2Tx/CNF-14 with amelio-
rative toughness, hydrophilicity, electrochemical property, and
adequate exposure of sharp edges. As the CDI electrode, by
synergizing electric double layer mechanism and pseudocapa-
citive effect, the prepared Ti3C2Tx/CNF-14 lm delivered a high-
desalination performance. Moreover, Ti3C2Tx/CNF-14 showed
intriguing antibacterial activity against E. coli. This work offers
© 2023 The Author(s). Published by the Royal Society of Chemistry
new inspiration for enriching the selection range of CDI elec-
trode materials, and has a positive role in expanding the
application of CDI in treatment of circulating cooling water.
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