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Two-dimensional transition metal carbides/nitrides (MXenes) have gained considerable prominence in
capacitive deionization (CDI) due to their exceptional electrochemical activity and outstanding electronic
conductivity. However, the further development of MXenes in practical applications in CDI is hampered
by their limited narrow interlayer spacing and oxidation proneness. Herein, a dual-functional surface
modification of TizC,T, MXene by sodium ascorbate (SA) is proposed to concurrently enhance the salt
adsorption capacity and long-term stability. The modification by SA induces synergistic functions,
including the enlargement of interlayer spacing, effective protection of Ti from oxidation, and
exceptional electrical conductivity. Simultaneously, this film electrode is designed to be flexible and free-
standing, devoid of binders or adhesives, showing promise for the large-scale production of CDI
electrodes. Benefiting from these advantages, the SA-modified MXene exhibit excellent desalination
performance, including high salt adsorption capacity (109.6 mg g™3), high salt adsorption rates (17.5 mg
g~ min™Y), and impressive cycling stability (100% retention after 80 cycles). And the adsorption behavior
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calculations. This work proposes an effective modification and explores theoretical aspects for
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1 Introduction

Capacitive deionization (CDI) is an emerging desalination
technology, based on a reversible electrosorption process. The
adsorption and desorption can be manipulated by adjusting
external electrical potentials (=2 V) across the two electrodes of
CDL.'® The inherent reversibility and comparatively low opera-
tional voltage bestow upon CDI a set of compelling attributes,
encompassing high energy efficiency, cost-effectiveness in
operation, and environmental friendliness.®® The central
constituents of CDI cells, electrode materials, stand as focal
points in the advancement of CDI for practical applications.>*®
A spectrum of functional nanomaterials, such as graphene,"
activated carbon,” nitrogen/phosphorus-doped carbon,*
reduced graphene oxide," biomass-derived porous carbon,"
yolk-shell =~ carbon  composites,’ and metal-organic
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frameworks®'® finds widespread utilization as electrode mate-
rials in CDI devices.'” However, most of these materials suffer
from low desalination capacity (<30 mg g~ '), high energy
consumption, or complexity of production, which limit further
development.*®*

Recently, a group of two-dimensional (2D) materials,
MXenes, has demonstrated promising purification behavior of
various organic and inorganic pollutants, which is ascribed to
its incredible features, such as a tunable structure, excellent
electrochemical properties, good hydrophilicity, and antimi-
crobial properties.”*?® In CDI, the salt adsorption capacity of
MXene-based electrode materials has reached over 70 mg g,
which is much higher than that of carbon-based electrodes.*”
But in practice, the fabrication and testing of MXene electrodes
for long-term desalination are still challenging as MXenes are
prone to self-stacking and oxidative degradation in an ambient
environment.?® The self-stacking during film formation is due
to the electrostatic interactions between MXene nanosheets,
which leads to a decrease in the surface active sites and sluggish
ion transfer.” Moreover, MXenes are prone to oxidation and
degradation when exposed to air and/or water, where the
oxidation process generally starts at the edge position and
subsequently extends towards the interior, eventually
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converting MXenes to TiO, within 15 days under ambient
conditions.*® The poor oxidation stability of Ti;C,T, MXene
limits its long-term storage and practical applications. Thus, it
is critical to design better protection of MXene-based electrodes
for CDI and other applications in humid/aqueous
environments.

To address the oxidation issue of MXene electrodes,
considerable research efforts have been dedicated to the design
of protective heterostructures for MXenes. For example, Natu
et al. found that capping the edges of MXenes using poly-
phosphate salts increased the storage time of MXenes in
aerated water by at least three weeks, which is a simple and
effective way to enhance the antioxidant properties of MXenes.**
Yang et al. prepared a three-dimensional (3D) Ti;C,T, MXene/
graphene/carbon nanotube hybrid hydrogel using the gelation
method for supercapacitor electrodes. The hybrid hydrogel
demonstrated excellent oxidation resistance, and the electrical
resistance of the material increased by only 9.3% after 60 days
of storage under ambient conditions.** Li et al. synthesised GO/
Ti;C,T, MXene/GO flexible freestanding films as electromag-
netic interference (EMI) shielding materials with a stable
performance for 70 days.* In the application of CDI, Cai et al.
developed a 3D heterostructure MoS,@MXene through
a hydrothermal method. The MoS, nanosheets were vertically
anchored on the MXene flakes via strong coordination to shield
the oxygen from the surface of MXenes and this improved the
electrochemical stability, which led to excellent salt removal
capacity (35.6 mg g~ ').3* However, it is still challenging to avoid
the reaction of MXenes with dissolved oxygen and H,O mole-
cules in an aqueous solvent during the hydrothermal synthesis.
Hence, Zhang et al. designed a synthesis route of covalent
organic framework (COF)-on-MXene heterostructures in
organic solvent, which alleviated the oxidative degradation
caused by H,0 molecules. By engineering the inorganic-organic
heterointerface, the uniform COF coating endowed the inner
MXene with excellent oxidation resistance and sodium ion
adsorbability (53.1 mg g~ ') in CDL*

While advanced strategies have been proposed to mitigate
MXene oxidation in the context of CDI electrodes, their practical
implementation remains challenging. This challenge arises
from intricate fabrication processes that unavoidably escalate
production costs and carbon emissions. To support carbon
neutrality goals, we propose a simple yet effective preparation
method of oxidation stable Ti;C,T, MXene electrodes by edge
capping of sodium ascorbate (SA) on MXenes, which enhances
their oxidation resistance in aqueous solution while retaining
their advantages in CDI. SA is a preservative with low cost and
environmental benignity, and is widely used in the food and
pharmaceutical industries.*® The ascorbate acid ions can act as
a capping and anti-oxidizing agent,*” and can interact with
oxygen-containing functional groups on the surface of MXenes
to form hydrogen bonds and Ti atoms in MXenes to form
coordination bonds. Since most of the oxidation of MXenes
starts from their edges and surface functional groups,*-**
capping of MXenes by ascorbate ions is considered to be
effective in enhancing their antioxidant properties. Sodium ions
can intercalate within MXene nanosheets, expanding the
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interlayer spacing and thereby enhancing the CDI perfor-
mance.*® Furthermore, the SA modification preserves the func-
tional groups affixed to the MXene surface, thereby maintaining
the structural integrity and intrinsic benefits of these functional
groups. The advantages include enhanced electrochemical
activity and improved salt absorption.*® SA-MXene materials
can be prepared as flexible membrane electrodes by vacuum
filtration, which ensures a uniform thickness of the membrane
structure. Since the addition of a conductive agent and a binder
is not required, it does not suffer from the negative effects on
the ion transport performance caused by them.* Moreover, due
to the flexibility of the membrane material, it has the potential
to be used in irregularly shaped CDI batteries. The synergistic
effect endows SA-modified MXene with excellent oxidation
resistance (stable storage for 90 days under ambient conditions)
and promising CDI performance with a high salt adsorption
capacity of 109.6 mg g~ ', fast average salt adsorption rate
(17.5 mg ¢ ' min~"), and long-term stability (80 cycles with
100% retention). The mechanism of sodium ion adsorption/
desorption processes is investigated via in situ X-ray diffrac-
tion (XRD) and density functional theory (DFT) calculations.
This work is expected to develop the MXene-based composites
with excellent oxidation stability and reduced carbon-footprint
fabrication for applications in aqueous or humid environments.

2 Results and discussion

The schematic synthesis process of SA-MXene is illustrated in
Fig. 1a. Pristine Ti;C,T, MXene nanosheets were prepared from
the Tiz;AlC, MAX by etching with LiF and hydrochloric acid at 35
°C for 24 hours, followed by ultrasonication in an argon stream
for 30 minutes. Then, the pristine MXene colloidal suspension
was modified by aqueous SA solution with different concen-
trations (8, 12, and 16 M) to obtain SA-MXene with SA to MXene
ratios of 10.9 wt%, 16.4 wt%, and 21.8 wt%, respectively. The
ascorbate ions coordinated the Ti atoms effectively via Ti-O
bonds, forming a uniform protective layer on the surface of
MXene nanosheets. Moreover, the ascorbate ions worked with
the sodium ions to enlarge the interlayer spacing for faster ion
migration. The SA-MXene was collected by vacuum-assisted
filtration to obtain flexible and free-standing electrodes with
a diameter of around 4 cm (Fig. 1b). The interlayer spacing of
SA-MXene is large enough (4.2 A, determined by XRD results) to
support both sodium (1.84 A Stoke radius) and chloride hydrate
ion (1.81 A Stoke radius) adsorption in a membrane CDI device
(Fig. 1c).”

The surface morphology and material structure of the pris-
tine MXene sample were studied by transmission electron
microscopy (TEM). Fig. 2a shows a piece of a thin MXene
nanosheet with an average lateral size of approximately 735 £+
19 nm. Fig. 2b and c present the high-resolution TEM (HR-TEM)
image and selected area electron diffraction (SAED) pattern,
respectively. In the diffraction pattern of MXenes, multiple
bright rings can be observed, which represent the (002), (004),
(006), and (008) lattice planes from the inside to the outside,
respectively. These observed lattice planes demonstrate the
appearance of MXene crystals. The HR-TEM image (Fig. 2¢) with
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Fig. 1 (a) Schematic illustration of the preparation process of pristine MXenes and SA-MXene. (b) Digital images of an SA-MXene electrode.
(c) Schematic illustration of the MCDI configuration with SA-MXene electrodes.

the fast Fourier transform (FFT) pattern indicates that the
lattice fringes in MXenes are 0.80 nm, which correspond to the
typical (002) lattice plane. These lattice planes can be attributed
to the crystalline structure of MXenes, which provides evidence
that high purity MXenes were successfully synthesized.*>**
The crystal structure and composition of the samples were
studied by XRD (Fig. 2d). A distinct sharp peak at 26 angle = 6.8°
can be observed in the XRD pattern of MXenes, which repre-
sents the (002) lattice plane and well aligns with the HR-TEM
results.” The peak representing the (002) lattice plane should
also be observed in the other three SA-MXene samples due to
the presence of MXenes. However, the 2¢ angles shift to
a slightly smaller value (5.6°). This indicates the delamination
of SA-MXene and the expansion of the interlayer spacing of the
SA-MXene (4.2 to 7.0 A). This is due to the insertion of Na ions in
the MXene interlayers and the coordination effect between SA
and Ti atoms.***” The Stokes radius of sodium ions in water is
1.84 A,*® and the layer spacing of MXenes prepared in this study
is 4.2 A. Therefore, MXenes can provide enough space for
sodium ions to be embedded, and the sodium ions will be
spontaneously intercalated into MXenes in the hydrated state
by electrostatic attraction.*” Notably, the expansion by sodium
ions and ascorbate ions is reversible if treated with HCI
(Fig. S1at), suggesting that the expansion and coordination
wouldn't lead to structural distortion or damage. The schematic
illustration of SA-MXene is shown in Fig. S1b, demonstrating
the increased spacing of MXene layers by coordination with
ascorbate ions through Ti-O bonding. The increased interlayer
spacing is expected to improve CDI performance by facilitating
the diffusion of the ions and providing more ion-accessible
adsorption sites, which will increase the storage capacity of
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ions.* The Fourier transform infrared (FTIR) spectra of pristine
MXenes, SA-MXene, and SA are displayed in Fig. S2.1 Compared
with pristine MXenes, SA-MXene presents stretching bands at
1756 (C=O0 of the five-membered lactone ring), 1675 (C=C of
the five-membered lactone ring), 1320 (C=C), and 1027 (C-O-
C) em™', which are characteristic bands of SA. Notably, the
C=C band in SA-MXene shifts towards a lower value compared
to that of SA (1322 cm™ ') as a result of the interaction of
ascorbate ions with Ti in MXenes.*>**

The chemical bonding of functional groups present on the
surface of the sample was investigated using X-ray photoelec-
tron spectroscopy (XPS). Fig. 2e shows the XPS survey spectra of
MXenes and 12-SA-MXene. The XPS survey spectra of 8-SA-
MXene and 16-SA-MXene are presented in Fig. S3 and S4.t It
can be observed that the peaks in the XPS survey spectra of
MXenes and SA-MXene are essentially identical, both contain-
ing C 1s, Ti 2p, O 1s, and F 1s peaks.>* Notably, a distinct Na 1s
peak (~1080 eV) can only be observed in the spectrum of SA-
MXene due to the modification by SA. The C 1s XPS spectrum
of pristine MXenes is shown in Fig. 2f. This spectrum contains
four peaks at 281.7, 283.5, 284.8, and 286.1 eV, respectively.
Among them, the peaks at 281.7 and 284.8 eV represent the Ti-C
and C-C bonds, respectively, which are from the Ti;C,T,
MXene. The presence of peaks at 283.5 and 286.1 eV indicates
the bonds of Ti-C-O and C-0, which come from the -OH on the
surface of MXene nanosheets.*® In contrast to the spectrum of
pristine MXenes, the spectrum of SA-MXene (Fig. 2g) is
composed of five peaks at 281.7, 283.5, 284.8, 286.1, and
288.4 eV, respectively. Among them, the first four peaks are in
the same positions as in the MXene spectrum and represent the
same chemical bonds. However, the last peak at 288.4 eV

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) TEM image, (b) HR-TEM image, and (c) SAED pattern of pristine MXenes. (d) XRD patterns of pristine MXenes, 8-SA-MXene,
12-SA-MXene and 16-SA-MXene. (e) XPS survey spectrum of pristine MXenes and 12-SA-MXene. High resolution XPS spectra of the C 1s region of

(f) pristine MXenes and (g) 12-SA-MXene, respectively.

represents the C=0 bond, which is not usually present in Ti;C,
MXene. Instead, this peak represents the C=0 bond in ascor-
bate ions, suggesting the successful binding between ascorbate
ions and MXenes.** The results of TEM, XRD, and XPS indicate
that high-purity Ti;C,T, MXene and SA-MXene were success-
fully synthesized by the previous steps.

The oxidation stability of SA-MXene was investigated by
comparing the appearance, nanostructure, and optical proper-
ties of freshly prepared samples, and those stored under
ambient conditions for 90 days were assessed using a combi-
nation of qualitative and quantitative methods. First, the degree
of oxidation of different materials can be qualitatively analyzed
by using their visible appearance, XRD, and TEM images. Fig. 3a
shows the color difference between fresh MXenes and different
MXene samples of the same initial concentration after 90 days
of storage, which implies the different oxidation stages.
Fig. 3a(i) and (ii) exhibit the photographs of fresh MXenes and
pristine MXene samples after 90 days of storage, respectively. It
is obvious that the fresh MXene dispersion appears dark green,
while a pristine MXene dispersion after 90 days of storage
changed from dark green to off-white, which is due to the
oxidation and degradation of MXenes in solution where most of

This journal is © The Royal Society of Chemistry 2024

the MXene nanosheets have oxidatively degraded and changed
to white-colored TiO,. Fig. 3a(iii-v) show 8-SA-MXene, 12-SA-
MXene, and 16-SA-MXene solutions after 90 days of storage,
respectively. The color of the three SA-MXene solutions after 90
days of storage still appeared dark green, which indicates that
the oxidative degradation of MXenes was effectively restricted
by SA. Additionally, TEM was employed to observe the surface
morphology of various samples after long-term storage. TEM
images of MXene and SA-MXene series (Fig. 3b) demonstrate
their 2D nanosheet structures. However, there are a significant
number of black needle-like TiO, crystals around the edges of
MXene sheets, resulting in a severely damaged structure. In
contrast, TEM images of the other three SA-MXene samples
show neat and intact sheet structures without the presence of
numerous black crystals. This is further proved by the XRD
pattern comparison of SA-MXene and pristine MXenes after 90
days of storage (Fig. S5t), in which the SA-MXene retains
the original Ti;C,T, (002) peak while the pristine only
presents feature peaks of anatase-rutile TiO, at 25.3° (101) and
27.3° (110).

To further investigate the oxidation resistance differences
quantitatively between these three samples, UV-vis spectroscopy

J. Mater. Chem. A, 2024, 12, 8734-8746 | 8737
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Fig. 3 (a) Digital photograph and (b) TEM images of (i) fresh MXenes, (ii) MXene, (iii) 8-SA-MXene, (iv) 12-SA-MXene and (v) 16-SA-MXene after 90
days of storage. (c) UV-vis spectrum and (d) relative concentration (C/C) of fresh pristine MXenes, pristine MXenes after 90 days of storage, fresh
12-SA-MXene, and 12-SA-MXene after 90 days of storage. High-resolution XPS spectrum comparison of (e) Ti 2p and (f) C 1s for fresh and stored

MXene samples.

was applied to measure the changes in their optical properties.
UV-vis spectra (Fig. 3c and S61) compared MXene samples
before and after 90 days of storage. Fig. 3c shows the UV-vis
spectra of fresh pristine MXenes (MXene-fresh) and after
storage (MXene-90), fresh MXene modified with 12 mM SA (12-
SA-MXene-fresh) and after storage (12-SA-MXene-90). According
to the Beer-Lambert law, the absorption (Abs) of the same
substance under the same conditions is proportional to the
concentration of the substance.”® The UV-vis spectra show that
after 90 days of storage, there was only a small decrease in the
absorption peak intensity of 12-SA-MXene, suggesting
a restricted degradation in the 12-SA-MXene solution, which is
much lower than that of the unmodified MXene solution. The
relative concentrations of MXenes in all samples, i.e., the ratio
of MXene concentration after 90 days of storage to MXene
concentration in fresh solution, are calculated by using the
Beer-Lambert law and compared in Fig. 3d. Amongst the three
SA-MXene samples, 12-SA-MXene has the highest relative
concentration of 0.92, indicating the most outstanding anti-
oxidation ability. The relative concentrations of 8-SA-MXene
and 16-SA-MXene are 0.73 and 0.87, respectively.

8738 | J Mater. Chem. A, 2024, 12, 8734-8746

For the antioxidant capacity of SA-MXene, both the content
of ascorbate acid ions and the pH of the dispersion play
a crucial role. For 8-SA-MXene, since the amount of ascorbic
acid ions is low, they may not be able to completely protect
MXenes from edge capping and shielding, resulting in it being
more susceptible to oxidation. In the three samples, the pH of
the 16-SA-MXene dispersion was 3.68, which was higher than
that of 8-SA-MXene (3.48) and 12-SA-MXene (3.56). Due to the
increase in hydroxide ion content in the solution, the negatively
charged OH™ ions will combine with the positively charged
MXene edges and accelerate its oxidation process. The excess
hydroxide ions can also cause the conversion of -OH groups on
the surface of MXenes into -O™ via a 56 reaction. The -O~
groups may increase the surface activity of MXenes and reduce
their stability to some extent.*® For the 12-SA-MXene sample, the
ascorbic acid ion content in the dispersion is higher than that of
8-SA-MXene, allowing for better edge capping and shielding.
Compared to 16-SA-MXene, 12-SA-MXene has a smaller pH
value. As a result, the extent of the adverse effects on 12-SA-
MXene caused by hydroxide ions is low, giving it optimal anti-
oxidant ability.

This journal is © The Royal Society of Chemistry 2024
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The chemical composition of fresh and stored MXenes was
investigated by XPS (Fig. S7, S8 and Table S1f). The high-
resolution spectra of Ti 2p and C 1 s in the as-prepared and
stored MXenes are displayed in Fig. 3e and f, respectively. In the
Ti 2p spectra (Fig. S8t1), there are five deconvoluted peaks at
454.9, 455.9, 457.1, 458.5, and 459.3 eV, representing Ti*, Ti*",
Ti**, and Ti*", respectively. And C 1s spectra were deconvoluted
into Ti-C, Ti-C-0O, C-C, and C-O. In Table S2,} it is shown that
the percentage of Ti content in fresh SA-MXene with low
oxidation states (+2 and +3) increases compared with that in
pristine MXenes, which is ascribed to the Ti reduction by SA
coordination. During the oxidation processes, Ti" is oxidized to
Ti*" and Ti**, and eventually to Ti**.** As presented in Fig. 3e
and f, the intensities of Ti* (Ti-C and Ti-F), Ti**, and Ti*" peaks
decreased and the C-Ti-T, peak in pristine Ti;C,T, MXene
disappeared after 90 days of storage, yet the peak of Ti** (TiO,)
increased obviously, suggesting severe oxidation of pristine
MXenes. As for 12-SA-MXene, the peak intensities of Ti*, Ti*",
Ti**, and C-Ti-T, reduced after 90 days of storage yet remain,
indicating adequate protection of Ti;C,T, MXene by SA from
severe oxidation under ambient conditions. Therefore, it can be
concluded that unmodified MXenes were severely oxidized after
90 days of storage, whereas SA-modified MXene, especially 12-
SA-MXene, still showed impressive stability even after 90 days.

As the principle of CDI is based on electrochemical adsorp-
tion, it is important to investigate the electrochemical proper-
ties of electrodes and select the most suitable electrode material
for use in CDI cells. In this report, cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) are utilized to
analyze the electrochemical performance of the MXene and SA-
MXene series.”” Fig. S9a and bt show the CV curves of fresh
MXenes and MXenes stored for 90 days at various scan rates,
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respectively. After 90 days of storage, the electrochemical
performance of MXenes deteriorates due to severe oxidation
(Fig. S9ct). At a scan rate of 5 mV s~ ', the specific capacitance of
the aged MXene is only 28.4 F g~', which is 33.1% that of the
fresh MXene. However, the SA-MXene demonstrates improved
electrochemical performance compared to the aged MXene.
Fig. 4a displays the CV patterns of the three SA-MXene samples
at a scan rate of 50 mV s~ '. The CV curves for all samples show
a typical sub-rectangular shape similar to that of the fresh
MXene electrode.®® The area enclosed by the CV curve of 8-SA-
MXene is the largest compared to that of 12-SA-MXene and
16-SA-MXene, indicating that the specific capacitance of 8-SA-
MXene is the highest amongst the three samples. This is
probably because this sample is modified using the lowest
concentration of SA, which has the least effect on the electrical
conductivity and the functional groups attached to the MXene
surface.* The CV curves of 8-SA-MXene and 16-SA-MXene are
presented in Fig. S10 and S11.T The CV curves of 12-SA-MXene
at different scan rates have similar shapes without obvious
distortion (Fig. 4), indicating an excellent rate performance. The
specific capacitances of 8-SA-MXene, 12-SA-MXene and 16-SA-
MXene at various scan rates in a 1 M NaCl aqueous solution
are shown in Fig. 4c. Among all the samples, the 8-SA-MXene
shows the highest specific capacitance at a scan rate of 5 mV
s ' (58.77 F g "), which is higher than that of the 12-SA-MXene
(47.42 F g~") and 16-SA-MXene (41.43 F g ). For 16-SA-MXene,
the content of MXenes in this sample is relatively low (58.1%).
Considering that the specific capacitance is mainly contributed
by the MXene nanosheets, the lower content of MXenes would
lead to a decrease in the specific capacitance.

EIS was applied to measure the internal resistance and
electrical conductivity of different samples. Fig. 4d shows the
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Fig. 4

(a) CV curves of 8-SA-MXene, 12-SA-MXene and 16-SA-MXene with a scan rate of 50 mV s . (b) CV curves for 12-SA-MXene with scan

rates varied from 5 mV s~* to 100 mV s, (c) Specific capacitance comparison of 8-SA-MXene, 12-SA-MXene, and 16-SA-MXene at a scan rate
from 5 mV s~ to 100 mV s7*. (d) Nyquist plots for 8-SA-MXene, 12-SA-MXene, and 16-SA-MXene.
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Nyquist plots for 8-SA-MXene, 12-SA-MXene, and 16-SA-MXene.
It can be observed that the EIS patterns of all samples consist of
a semicircle in the high frequency region and a linear pattern in
the low frequency region. The diameter of the semicircle can
reflect the electron transfer characteristics of the sample
between the interface of NaCl solution and electrodes.* It can
be seen from the Nyquist plots that these three samples have
relatively large electrical conductivity. A comparison of the
diameters of the semicircles in the high frequency region
reveals that the 8-SA-MXene EIS pattern shows the smallest
diameter of the semicircle, while the 16-SA-MXene shows the
largest diameter of the semicircle. This indicates that the
polarization resistance of the samples increases with increasing
concentration of SA modified MXenes. Among the three
samples, 8-SA-MXene shows superior electrical conductivity,
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while 16-SA-MXene shows the least. The reason for the regu-
larity of this variation may be the same as the reason that causes
the variation of the specific capacitance. It can be noted from
Fig. S127 that the diameter of the semicircle in the high-
frequency region of the Nyquist plot of pure MXenes is
smaller than that of SA-MXene, which indicates that pure
MXenes possess the smallest resistance. Therefore, it can be
understood that the electrical conductivity of the samples is
mainly supported by the MXene nanosheets, and the concen-
tration of MXene nanosheets is relatively the highest in 8-SA-
MXene (73.8%), thus providing the material with excellent
electrical conductivity.

To investigate the adsorption capacity and stability of elec-
trodes prepared from SA-modified MXene nanosheets in CDI
applications, several sets of tests were carried out in NaCl
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Fig. 5

(a) Plots of the change in solution conductivity with time corresponding to MXenes, 8-SA-MXene, 12-SA-MXene and 16-SA-MXene. (b)

Specific SAC values of MXenes and 12-SA-MXene at different applied potentials. (c) Two-dimensional view of the in situ XRD result for inter-
calation into SA-MXene during charging and discharging from 26 5° to 30° (right) and the corresponding galvanostatic profile of SA-MXene at
15 mA g~ (left). (d) CDI cycling performance of MXene and 12-SA-MXene electrodes. The inset shows the conductivity change of 12-SA-MXene
during the 40-50" cycles. (e) CDI Ragone plot of 12-SA-MXene and samples from the literature.
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solution with various concentrations. The CDI cells used in the
test apparatus were homemade cells with the same electrode
material for both the cathode and the anode. In this system, the
NacCl solution was used as the feed solution, in order to deter-
mine the variation in salt adsorption capacity (SAC) of the same
electrodes under different conditions. The concentration of the
NaCl feed solution was varied from 250 mg L™ to 750 mg L™ ' in
increments of 250 mg L™ ". In addition, the constant voltage
applied to the cathode and anode of the CDI cell varied from
+1 V to £1.6 V in unit of 0.2 V. The corresponding current
responses of CDI electrodes are depicted in Fig. S13.f The
changes in solution conductivity with time corresponding to
different SA-MXene samples at an applied voltage of 1.4 V and
a NaCl feed solution concentration of 750 mg L™ " are plotted in
Fig. 5a. All SA-MXene electrodes have better desalination
performance than the pristine MXene, due to the sufficient ion
adsorption sites and faster ion transportation. It is noteworthy
that the difference in salt adsorption behaviours between 8-SA-
MXene and 16-SA-MXene is very slight, while the salt adsorption
capacity of 12-SA-MXene is much higher than that of 8-SA-
MXene and 16-SA-MXene. However, 8-SA-MXene exhibits the
best electrochemical performance. The difference can be
explained by the improved oxidation resistance of 12-SA-MXene
with sufficient specific capacity. Compared with electro-
chemical tests, the CDI electrodes endure the stronger impact
of water flowing through the cells, a higher charging/
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discharging potential range (up to +1.6 V), and a much longer
testing duration (could be 1-2 weeks).** Hence, both antioxidant
and electrochemical properties contribute to the enhanced
desalination performance, synergistically.” Amongst the
prepared samples, 12-SA-MXene has the best antioxidant ability
based on the UV-vis spectral analysis, which benefits the long-
term desalination performance. 8-SA-MXene has be highest
specific capacitance and poor oxidation resistance, resulting in
a significant drop in SAC. For 16-SA-MXene, the inferior SAC
could be attributed to poor conductivity and lower specific
capacity, consistent with the electrochemical test results.

Fig. S141 and 5b show the specific SAC values for MXenes
and 12-SA-MXene in different initial concentration solutions
and at different applied voltages, respectively. The SAC of both
electrodes increases as the applied voltage or NaCl concentra-
tion increases. This illustrates that both the concentration of
the feed solution and the voltage applied to the CDI cell affect
the SAC of the CDI electrode. And 12-SA-MXene demonstrated
superior SAC to pristine MXene under all conditions; the SAC of
12-SA-MXene reaches a maximum value when the applied
voltage is +1.6 V and the concentration of the NacCl feed solu-
tion is 750 mg L™ (109.1 mg g ). In contrast, the SAC of
MXenes under the same conditions is 54.3 mg g, only almost
half the SAC of 12-SA-MXene.

To further confirm the crystal structure evolution during the
Na' adsorption/desorption processes, in situ XRD experiments

Table 1 Electrochemical and CDI performance of MXene-based electrodes

Voltage  Solution Specific ASAR
Electrode materials % (mg L' NaCl)  capacitance (Fg ') (mgg ' min ) SAC (mg g™ ) References
MXene/polymer
Covalent organic 1.6 1000 — 12.5 53.1 61
frameworks@MXene
Cellulose fibers/MXene 1.2 600 14280 at 10 mV s~ " 0.57 34 62
Polyvinyl alcohol/MXene 1.4 450 — 0.424 53 63
MXene/carbon
MXene/carbon dots 1.2 86.4 144.4at20 mA g ! 0.65at20 mAg ' 24.8 64
MXene/carbon nanotubes 1.2 1168.8 123at0.1Ag " — 12+1 65
MXene/reduced 1.6 143.5 98at10A g " 1.6 48 66
graphene oxide
N,P-doped graphitic 1.6 1000 90at0.5A¢g " 11.5 55.3 67
carbon/MXene
MXene/metal composites
Ni,Co-PBA@MXene/PPy 1.2 500 260 at 5 mV s~ 10 38.7 68
TiO,/Ti;C, 1.2 500 207 at 10 mvV s~ * 1.3 53.3 69
Fe;0,@Ti;C,Ty 1.2 500 150 at2 mvs ! 1.47 44 70
MoS,/MXene 1.2 500 145at2 mvV s ' 4.6 23.98 71
Pristine MXene
S-Ti;CyTy/L-Ti;C, Ty 1.2 1100 300Fem tat5mvst 261 39.18 + 1.73 72
S-Ti3C,T,/L-TizC,Ty 1.6 584.4 169 at 5 mV s~ 1.7 72 73
LiF/HCL-etching MXene 1.2 585 127.76 at 100 mA g~ * 1.09 68at20 mAg " 74
Alk-Ti;C,T,-MXene 1.2 58 440 95.6 at 100 mV s~ * 1.63 50 +3at30mAg ' 75
Mg”—MXene aerogel 1.4 1000 — 1.1 33.3 76
SA-MXene 1.4 1000 58.77 at 5mvVs~* 17.5 47.2 This work
11.3 66.8
3.5 109.6
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were conducted. The XRD spectra of 12-SA-MXene were inves-
tigated during a constant-current charging/discharging process
at a current density of 15 mA g~ . It is shown in Fig. 5¢ that the
peaks at 5.7°, 17.1°, and 28.7° are ascribed to the (002), (004),
and (006) planes of Ti;C,T, MXene. During the desalination
process (—1 to 1 V), the (00l) peaks tend to shift to higher angles
gradually due to the continuous decreases in the interlayer
spacing (7.8 A to 7.5 A based on the shift of (002)) of 12-SA-
MXene, which is consistent with the desorption of Na'. And
the (00]) peaks shift back to the original position during the
salination process from 1V to —1V, as a result of Na" interca-
lation between SA-MXene layers. Through the result of in situ
XRD, the change in interlayer spacing in SA-MXene was
observed during galvanostatic charging and discharging,
demonstrating reversible insertion and extraction of Na' in the
interlayer spacing of SA-MXene.

Long-term stability was studied by the cycling test (Fig. 5d).
The retention of salt adsorption capacity improved from 65% to
100% for 12-SA-MXene, over 80 cycles, suggesting reliable long-
term reversible desalination processes. Fig. S157 compares XPS
peak fittings for pristine MXene nanosheets and 12-SA-MXene
nanosheets after CDI tests. For 12-SA-MXene, the Ti species
with high oxidation states are much fewer than those of pristine
MXenes, suggesting good inhibition of oxidation to endure the
reversible charging/discharging cycles and strong hydraulic
impact in CDI tests. In addition, in the O 1s XPS spectra of SA-
MXene after the CDI test, the peak present at 529.7 eV can still
be observed, which represents the Ti-O-Ti bond. This demon-
strates that the SA used to modify MXenes does not completely

(@)  Ti,C,T, MXene SA-MXene

0 B0~
BRA ;;SS ' N e, & e
SRR RRERRL

°

0.6

Relative Energy (eV)

0.0 1 1 1 1

Migration Coordinate
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desorb due to the charging and discharging process when
undergoing the CDI test. Moreover, 12-SA-MXene demonstrated
an outstanding average salt adsorption rate (ASAR). Fig. S167
shows the trade-off between the ASAR and SAC of pristine and
SA-modified MXene in a Ragone plot (or a Kim-Yoon plot), in
which 12-SA-MXene demonstrates an outstanding desalination
rate and capacity. The maximum ASAR of 12-SA-MXene reaches
17.5 mg g " min~". Such results demonstrate the remarkable
potential of 12-SA-MXene in CDI technology compared to other
materials in relevant literature in Table 1, which is amongst the
top class of MXene-based CDI electrode materials (Fig. 5e).

To further confirm the functionality of SA modification in
SA-MXene, density functional theory (DFT) calculation was
performed to investigate the structural arrangement, binding
affinity, and migration energy barrier for pristine MXenes and
SA-MXene (Fig. 6). Fig. 6a and S171 present the favorable
adsorption configuration between Na/Cl and electrode mate-
rials. As revealed, the SA-modified MXene exhibits adsorption
energies towards Na and Cl of —1.13 and —1.46 eV, respectively,
which are lower than those of pristine Ti;C,T, MXene (—0.59
and —0.72 eV, respectively). The lower adsorption energies of
SA-MXene towards Na and Cl suggest that the ascorbate ion can
effectively enhance the interaction between the target ions and
SA-MXene which benefits the salt adsorption ability. Then, the
diffusion energy barriers of Na and Cl were calculated for
pristine and SA-modified MXene (Fig. 6¢ and d), presenting
a boosted ion diffusion kinetics. The results theoretically verify
the enhanced Na and Cl diffusion kinetics by the expanded
interlayer spacing of SA-MXene. The coordination interaction
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Fig. 6 Adsorption mechanism investigation. (a) Adsorption configuration of Na on the surface of TizC,T, MXene and SA-MXene. (b) Comparison
of adsorption energies of Na and Cl for MXenes and SA-MXene. Relative energies of (c) Na migration and (d) Cl migration in MXenes and SA-
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between ascorbate ions and Ti;C,T, contributes to a higher Na/
Cl adsorption and a fast Na/Cl diffusion pathway. The syner-
gistic effect of SA-MXene results in the improvement of elec-
trochemical behavior and desalination performance.

3 Conclusions

In summary, the SA-modified Ti;C,T, MXene has been
successfully prepared and demonstrated enhanced desalination
capacity and long-term stability. The improved performance is
ascribed to the capping of MXene nanosheet edges via Ti-O
coordination with ascorbate ions and the enlarged interlayer
spacing of MXenes by the intercalation of sodium and ascorbate
ions. As a result, the concentration of MXenes remains at 92%
after 90 days of storage under ambient conditions, reflecting its
remarkable oxidation stability. The interlayer spacing is 20%
larger than that of pristine MXenes, ensuring fast ion adsorp-
tion and transfer. The synergistic effect of SA-MXene facilitates
the salt adsorption process and improves its structural stability
simultaneously. With the optimal ratio of SA and MXenes, the
12-SA-MXene delivered the best CDI performance, which rea-
ches 109.6 mg g~ " at 1.6 V and a concentration of 750 mg L™ for
the NaCl feed solution. This study proposed a simple yet
effective strategy to design MXene-based electrodes with high
oxidation resistance for capacitive deionization and other
applications in aqueous or highly humid environments.

4 Experimental
4.1 Materials

Titanium aluminum carbide (Ti;AlC,, MAX) was purchased
from 11 Technology Co., Ltd (Jilin, China). Lithium fluoride
(LiF, >99%) was purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd (Shanghai, China). Hydrochloric acid (HCl,
36-38%) was purchased from Shanghai Lingfeng Chemical
Reagent Co., Ltd (Shanghai, China). Sodium r-ascorbate (98%)
was purchased from Sigma-Aldrich (St. Louis, MO, USA).

4.2 Preparation of Ti;C,T, MXene

The preparation of Ti;C,T, MXene by etching Al in Ti;AlC, MAX
is a widely used method.” In detail, 1 g of MAX powder was
slowly added to a mixture containing 3 g of LiF and 40 mL of
hydrochloric acid solution (9 M), followed by stirring at 400 rpm
for 24 hours at 35 °C. Then, the solid product was repeatedly
washed by centrifugation at 8000 rpm for 5 minutes each time
using deionized (DI) water until the pH of the product changed
to 6. Afterwards, 60 mL of DI water was added to the cleaned
product and treated for 30 minutes in an ice water bath under
argon gas using ultrasonic apparatus. Finally, centrifugation
was carried out in a centrifuge at 3000 rpm for 20 minutes. The
supernatant obtained after centrifugation was a dispersion of
MXene nanosheets at a concentration of 14.65 mg mL™".

4.3 Preparation of SA-modified MXene

As the amount of modification material affects the performance
of the resulting materials, different concentrations of SA have

This journal is © The Royal Society of Chemistry 2024
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been used to explore the optimum amount. First, 10 mL of
MXene dispersion (146.5 mg MXene in 10 mL DI water) was
added to 30 mL of SA solution at concentrations of 8, 12, and
16 mM, respectively, and stirred for 1 hour at 400 rpm in an
argon stream. The resulting SA-MXene dispersion was then
sonicated in an argon stream for 30 minutes. The concentration
of the modified MXene dispersion can be calculated according
to the following equation.

CMXene in SA-MXene dispersion —

CMXene in pure MXene dispersion VMXene dispersion (1)
VSA solution VMXene dispersion

where CMXene in pure MXene dispersion is 14.65 mg ITlLil, VMxene
dispersion is 10 mlL, and Vsa solution is 30 mL. Thusy CMXene in SA-
Mxene dispersion €an be calculated to be 3.66 mg mL~’. To deter-
mine the SA to MXene ratios of SA-MXene modified using
different concentrations of SA solutions, 5 mL of the SA-MXene
dispersion was filtered and weighed, and a calculation was
carried out according to the following equation.

wt% =

MSA-MXene after filtration — CMXene in SA-MXene dispersion VSA—Mche dispersion

CMXene in SA-MXene dispersion VSA-MXene dispersion

(2)

The calculations resulted in SA to MXene ratios of SA-MXene
of 10.9 wt%, 16.4 wt% and 21.8 wt% in 8-SA-MXene, 12-SA-
MXene and 16-SA-MXene, respectively.

4.4 Preparation of CDI electrodes

To prepare the electrodes used in the CDI test, the 2 mL stable
dispersions of MXene, 8§ mM SA modified MXene (8-SA-MXene),
12 mM SA modified MXene (12-SA-MXene) and 16 mM SA
modified MXene (16-SA-MXene) were collected by vacuum
filtration, respectively, with a sintered glass filter using poly-
vinylidene difluoride (PVDF) membranes (0.22 um, Merck Mil-
lipore Ltd) to obtain free-standing MXene electrodes.

4.5 Characterization

To observe the surface morphology and material structure of all
samples, transmission electron microscope (TEM) images of all
the samples were obtained using an FEI G2 F30 transmission
electron microscope. An X-Ray diffractometer (XRD) Bruker AXS
D8 Venture was used to determine the crystal structure and
composition of the samples using Cu Ka. radiation (A = 1.5406 A,
40 kv, and 40 mA). In situ XRD was carried out by using a Malvern
Panalytical X-ray diffractometer for 12-SA-MXene, which was
connected to a multichannel battery testing system (Neware) for
a galvanic charging and discharging process at a current density
of 30 mA g~'. X-ray photoelectron spectroscopy (Thermo Scien-
tific K-Alpha), Fourier transform infrared spectroscopy (Agilent
Cary 630) and ultraviolet/visible spectroscopy (Agilent Cary 300)
were used to characterize the chemical structures and chemical
contents of the SA-MXene samples. X-ray photoelectron spec-
troscopy (XPS) was used to investigate the type of functional
groups on the surface of the samples using a Thermo Scientific K-
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Alpha. The ultraviolet visible (UV-vis) spectra were recorded to
determine the concentration of MXenes in solution using an
Agilent Cary 300 ultraviolet spectrophotometer. For electro-
chemical property analysis, the as-prepared electrodes were
studied using a three-electrode system with Ag/AgCl as the
reference electrode, and a platinum electrode as the counter
electrode in 1 M NaCl solution as the electrolyte. Cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS)
were carried out using a Metrohm AUT302N potentiostatic/
galvanostatic Autolab electrochemical workstation. For the CV
tests, the scan rates applied were 5-100 mV s~ ' in a potential
range from 0.5 to —0.5 V. For the calculation of specific capaci-
tance, eqn (3) given below was used.”®

A

&= k(7 ) ¥

In this equation, C,, stands for the specific capacitance. 4 is
the area surrounded by the CV curve. M is the mass of the
material that is being tested. K is the scan rate in units of Vs~
(V,—V4) is the range of the scanning voltage, which is equal to 1V
in the experiment.

For EIS tests, the frequencies applied were 0.01-10,000 Hz,

with a sinusoidal amplitude of 5 mV.

4.6 Setup of the CDI equipment

To evaluate the performance of electrodes in CDI technology, self-
assembled CDI equipment was used in the experiment. The
equipment was consisted of a peristaltic pump (BT00S, Lead
Fluid), a conductivity meter (DDSJ-318F, Leici), a CDI cell with
a 1:1 mass ratio of the cathode and anode, and a constant
voltage supplier (Keithley, SMU2400). The ion-exchange
membranes used in yjr CDI cell were bought from Hangzhou
Iontech Environmental Technology Co., Ltd (Zhejiang, China),
and the size of the CDI cell was 10 cm x 10 cm. Sodium chloride
solution (40 mL) was used as the feed solution with initial
concentrations of 250, 500 and 750 mg L™, and the fluid flow rate
was 30 mL min . The voltage applied to the CDI cell was varied
from 1 Vto 1.6 Vin 0.2 V increments. The computer recorded the
value of the conductivity of the NaCl solution every 10 seconds.

The salt adsorption capacity (SAC) and energy consumption
of electrodes during the CDI test can be calculated according to
eqn (4).*

MW X J(Cl — C0)¢dl

AC —
SAC 7

(4)

In this equation, M,, stands for the molecular weight of the
molecule to be removed. C; is the initial concentration of the feed
solution, while C, is its final concentration when it flows out. @ is
the flow rate of liquid and M. means the total mass of electrodes.

4.7 Theoretical computation

The Vienna ab initio simulation package (VASP)*®* was
employed to perform all the spin-polarized DFT calculations
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within the generalized gradient approximation (GGA) in the
PBE®* formulation. We have chosen the projected augmented
wave (PAW) potentials®*®® to describe the ionic cores and take
valence electrons into account using a plane wave basis set with
a kinetic energy cutoff of 450 eV. Partial occupancies of the
Kohn-Sham orbitals were allowed using the Methfessel-Paxton
smearing method and a width of 0.10 eV. The electronic energy
was considered self-consistent when the energy change was
smaller than 10~ ° eV. A geometry optimization was considered
convergent when the residual forces were smaller than 0.05 eV
A™'. The transition state of an elementary reaction step was
located by the nudged elastic band (NEB) method.** In the NEB
method, the path between the reactant(s) and product(s) was
discretized into a series of five structural images. The interme-
diate structures were relaxed until the perpendicular forces
were smaller than 0.05 eV A™". Finally, the adsorption energies
(Eaqs) were calculated as Eags = Eaq/sub — Ead — Esub, Where E,q,
suby Faq, and Eg,, are the total energies of the optimized
adsorbate/substrate system, the adsorbate in the structure, and
the clean substrate, respectively.
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