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Air-gap-assisted solvothermal process to
synthesize unprecedented graphene-like
two-dimensional TiO2 nanosheets for Na+

electrosorption/desalination
Check for updates

Billel Salhi1, Nadeem Baig 1 & Ismail Abdulazeez1

Designing ahigh-performancecapacitive deionization setup is limited due to the slowsalt removal and
charge storage capacities. Efforts are being made to replace traditional electrodes with advanced 2D
materials.We introduceasimplemethod for synthesizing two-dimensional titaniumdioxidegraphene-
like nanosheets via a unique air-gap-assisted solvothermal method. Crystalline 2D graphene-like
anatase-TiO2 sheets of unprecedented quality were obtained by tuning the air gap in the solvothermal
reactor. The 2D TiO2 synthesized by air-gap-assisted solvothermal process has shown an
exceptionally high surface area of 934.5 m2/g compared to the pristine TiO2 (249.5m

2/g). The sheets
were used as Faradaic electrodes in ion-electrosorption and their capacitive deionization capabilities
were evaluated. The electrochemical conductivity was examined via an in situ investigation of Na+-ion
migration and storage. The adsorption capacity of 2D TiO2 sheets increased with higher applied
potential while keeping the adsorption time constant at 15min. At adsorption potentials of –0.8 V,
–1.0 V, and –1.2 V, desalting rates of 2.09, 2.18, and 2.20 mg g−1 min−1 resulted in adsorption
capacities of 31.33, 32.73, and 33.023mg g–1, respectively. The 2D TiO2 electrode demonstrated high
electron-transfer rates, a large desalination capacity, and a rapid average desalting rate. The specific
capacity of the 2D-layered TiO2 electrode was found to be about 45.68 F g−1. These results can be
attributed to the large specific surface area, short ionic diffusion paths, numerous active adsorption
sites, surface defects, and pseudocapacitance. This air-gap-assisted solvothermal method is
expected to open new avenues for the synthesis of high-quality 2D materials.

Water shortage has emerged as amajorworldwide concern, with 17 nations
currently experiencing high water stress and utilizing more than 80% of
their available supply annually. This number is expected to increase to 33
nations by 20401. Therefore, developing water scarcity mitigation techni-
ques is urgently needed. Given thatmore than 97 percent of Earth’s water is
saline, desalination of seawater or brackish water is a potentially viable
method for ensuring a sustainable freshwater supply2. Desalination meth-
ods, including reverse osmosis (RO), electrodialysis (ED), multistage flash,
andmulti-effect distillation, have improved rapidly in recent years3,4.Water-
stressed countries, notably those in the Middle East, have embraced this
technology, with Saudi Arabia relying on desalination formore than 70%of

its freshwater supply. Meanwhile, traditional desalination processes are
extremely energy-intensive1,2. RO requires a high osmotic pressure
(1–10MPa) for salt separation and is associated with membrane fouling
problems5,6. Thermaldesalinationprocedures require a large amount of heat
for water vaporization and are frequently limited by equipment corrosion1,2.
Extremely high voltages (>20 V) are used in ED to promote ionmobility for
separation, which may result in water breakdown2,7. Therefore, new high-
efficiency desalination methods that are energy-efficient and ecologically
benign are urgently needed.

Owing to its energy efficiency, cost-effectiveness, and eco-friendliness,
capacitive deionization (CDI) has emerged as a promising desalination
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technique in recent years8,9. In principle, the CDI is explained by the
adsorption and desorption processes on the electrode surface under the
influence of electrostatic force. The salt ions are adsorbed on the charged
electrode surface, forming the electrical double layer10. The electrode surface
can be regenerated easily just by reversing the polarity. During the regen-
eration process, the ions desorb from the electrode surface, and the surface
becomes ready for the next cycle. The electrodematerial plays a central role
in the CDI. Thus, the major research is focused on developing an electrode
material that offers greater electrochemical stability, excellent electrical
conductivity, good wettability, and high capacitance11. CDI systems can
function at low pressures (subosmotic) and ambient temperatures while
using a low applied cell voltage (2 V). CDI selectively removes the minority
salt ions from the saline solution rather than the majority water, making it
suitable for efficiently desalinating low-salinity streams such as brackish
water, which typically contains total dissolved salts (TDS) ranging from
1 g L−1 to 10 g L−1 (compared to seawater TDS of 35 g L−1)2,12. CDI con-
sumes only 0.13–0.59 kWhm−3 for brackish water desalination. This is
much lower than that of RO, themost energy-efficient classical desalination
technique, which consumes 3.5–4.5 kWhm−3 13. The electrode material
affects the CDI performance considerably, as indicated by the variables. The
role of electrodematerials in desalination can be understood by focusing on
ion capture mechanisms14. Electrosorption and Faradaic reactions are the
two primary ion capture processes in CDI. Electrosorption occurs in stan-
dard CDI cells with carbon electrodes, where the potential difference is
responsible for the adsorption of salt ions with opposing charges from the
solution onto the surface of the carbon materials8,15. The Faradaic
mechanism occurs in Faradaic materials and consists of several processes:
insertion and conversion reactions, ion-redox-active moiety interactions,
and charge compensation with a redox-active electrolyte16. In contrast to
those used in electrosorption, Faradaic electrode materials capture ions via
Faradaic processes that occur throughout the bulk material and extend
beyond the surface.

The different materials at the nanoscale have received significant
attention in various applications17–21. Titanium dioxide (TiO2), in its dif-
ferent polymorphs such as anatase and rutile, has been extensively inves-
tigated as a Faradaic electrode for CDI. Owing to the redox reactions
involving Ti4+ and Ti3+ ions, TiO2 offers desirable electrochemical char-
acteristics. Using TiO2 compounds as Faradaic electrodes in CDI capitalizes
on their electrochemical properties and ability to reversibly incorporate and
release sodium ions. These characteristics contribute to their potential as
effective desalination and water treatment materials in CDI systems. TiO2

has a variety of polymorphs, which are dictated by the configuration of its
TiO6 octahedra

22, with Ti4+ ions linked to six O2
− ions. The most prevalent

TiO2 polymorphs are anatase TiO2, rutile TiO2, TiO2-B, and TiO2-H
23.

Among these polymorphs, anatase, and rutile TiO2 have been intensively
used as Faradaic electrodes in ion-electrosorption-based technologies, such
as supercapacitors and CDI.

The use of anatase TiO2 in CDI has been the subject of numerous
studies, as shown by several research publications15,24–28. Various studies
have addressed several limitations such as low electronic conductivity and
slow ion diffusion to improve the desalination performance of TiO2. The
production of nanosized TiO2

26 and the fusion of TiO2 with carbon-based
substrates such as hollow carbon fibers26, activated carbon29, graphene28,30,
and multiwalled carbon nanotubes (MWCNTs)27,31 are two methods that
have been investigated in this area. Using a composite electrode composed
ofMWCNTs andTiO2 nanotubes, Ramadan et al.27 reported a salt-removal
capacity of 13.2mg g−1 in a 50mg L−1 NaCl solution. Barakat et al.24

developed a hybrid network electrode employing TiO2 nanofibers and
activated carbon, which reached a 17mg g−1 salt-removal capacity and an
excellent 89.6% salt-removal efficiency in a 292mg L−1 NaCl solution. This
study shows how nanoscale engineering and synergistic pairing with
carbon-based materials can effectively enhance the desalination perfor-
mance of TiO2 in CDI. In addition to anatase TiO2 mixed with carbon
composites, the use of rutile TiO2 in the form of carbon-embedded nano-
tubes for CDI applications was examined32. Rutile TiO2 nanotubes

demonstrated a salt-removal capacity of 13.11mg g−1 and an outstanding
salt-removal efficiency of 89.6% in a 500mg L−1 NaCl solution. The variable
electrochemical performances of various TiO2 polymorphs with distinctive
open structures directly affect the desalination results. According to density
functional theory (DFT), anatase TiO2 creates 2D ion diffusion channels
along both the a- and b-axes, which are distinguished by considerably
reduced sodiation energy barriers33. Meanwhile, rutile TiO2 only offers one
ion diffusion channel along the c-axis. This suggests that compared to the
rutile phase, anatase TiO2 more easily facilitates sodium-ion movement. A
variety of TiO2@porous carbon (TiO2@PC) composites with various pha-
ses, including anatase, rutile, and mixed phases, were prepared by Ding
et al.25 in a comparative experiment by varying the annealing temperature.
The resultant composites demonstrated improved salt-removal capacity for
composites produced at lower thermal treatment temperatures; at
10mA g−1 in a 1000mg L−1 NaCl solution, the anatase TiO2 electrode
annealed at 600 °C demonstrated a higher salt-removal capacity
(46.7mg g−1) than those of the mixed-phase TiO2electrode annealed at
800 °C (41mg g−1) and rutile TiO2 electrode annealed at 1000 °C
(34.4mg g−1). These results emphasize the superior sodium-ionmovement
in the anatase phase to that in the rutile phase. Strong annealing and harsh
conditions are required to activate the TiO2 to improve its efficiency for salt
removal. The 2D sheets of TiO2 can be proved highly effective in the
intercalation and deintercalation of ions on demand; however, the synthesis
of 2D sheets ofTiO2, suchas star graphene-likematerials, is challenging.We
believe that finding high-quality 2D TiO2 sheets will be revolutionary in
materials chemistry science and that a new race can begin by utilizing 2D
sheets of TiO2 for various applications.

Herein, we present an advanced process for synthesizing high-quality
graphene-like 2DTiO2nanosheets using a simple and cost-effective air-gap-
assisted solvothermal approach. Notably, we could control the 2D sheets
and TiO2 phase by simply tuning the free space inside the solvothermal
reactor. Herein, we successfully revealed that by simply varying the air-gap
in the container, perfect 2DTiO2 sheets that appear similar to graphene can
be produced, and by varying the gap, the crystallinity of the 2D sheets of
TiO2 can be increased. After air-gap optimization, 2D sheets of the anatase
TiO2 phasewith high crystallinitywere obtained. The obtainedmaterialwas
used as a Faradaic electrode in ion-electrosorption-based technologies for
possible utilization in CDI to desalinate water. Examination of the elec-
trochemical performance of the 2D TiO2 electrode revealed its good elec-
trochemical stability and desalination performance. Because of its layered
structure, 2D TiO2 has more active adsorption sites and surface defects and
shorter ion diffusion routes. Based on the electrochemical conductivity,Na+

migration and storage were investigated in situ. This study proposes a
method for synthesizing a wrinkled graphene-like 2D TiO2, which exhibits
excellent electrochemical desalination properties.

Results and discussion
TiO2 exists in threemain crystal structures: anatase, rutile, andbrookite.The
XRD pattern for each phase is distinctive, with characteristic peaks corre-
sponding to the atomic arrangement in each crystal structure. Anatase TiO2

has a tetragonal crystal structure with lattice parameters a = 3.785 Å and
c = 9.514 Å, and its XRD pattern is characterized by sharp peaks at
2θ = 25.3°, 37.8°, 48.1°, 54.0°, and 62.7°. Rutile TiO2 has a tetragonal crystal
structure with lattice parameters a = 4.594 Å and c = 2.958 Å, and its XRD
pattern is characterizedby sharppeaks at 2θ = 27.5°, 36.1°, 41.2°, 54.3°, 56.6°,
and 69.1°. Brookite TiO2 has an orthorhombic crystal structure with lattice
parameters a = 5.517 Å, b = 9.181 Å, and c = 5.149 Å, and its XRDpattern is
characterized by sharp peaks at 2θ = 26.1°, 37.9°, 39.6°, 41.0°, 49.3°, 54.5°,
and 64.0° 34. Figure 1a depicts the XRD pattern of the four prepared TiO2

materials under different conditions. The primary diffraction peaks of the
synthesizedmaterialswere found tomatch the anatase phase ofTiO2; that is,
the (101), (004), (200), and (211) crystal faces of anatase TiO2 are repre-
sented by four diffraction peaks at 2θ of 25.8°, 37.7°, 47.8°, and 55.0° 35,36.
Furthermore, the absence of diffraction peaks at 27° or 31° suggests that the
samples are not contaminated by rutile or brookite impurities37. As can be
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concluded based on comparison with the standard pattern of anatase TiO2

(JCPDS no. 21-1272), the samples synthesized under various conditions
were entirely composed of a pure anatase phase. In addition, the peak
intensity related to samples S1, S2, S3, and S4 increasedby increasing the air-
gap during solvothermal synthesis; the anatase peak (at 25.8°) was sharper
for sample S4 than for the other samples, and the sharpness increased from
S1 to S4, thereby confirming the increase in the 2D TiO2 sheet crystallinity.
Moreover, the average crystallite size of the S4, estimatedby the Scherrer and
the Williamson-Hall models, was 1.33 and 2.01 nm, respectively, confirm-
ing the nano-crystallinity of the synthesized materials.

Raman spectroscopy was used to evaluate and confirm the structure of
the synthesized 2Dmaterials. The Raman spectrumof TiO2 exhibits several
prominent peaks that can be assigned to specific vibrationalmodes (Fig. 1b).
The peak at approximately 144 cm−1 is known as the Eg mode and is
associatedwith the symmetric stretching of Ti-O bonds in the crystal lattice.
The peak at approximately 386 cm−1 is known as the B1g mode and is
associated with the bending of Ti-O-Ti bonds. The peak at approximately
519 cm−1 is known as the A1g mode and is associated with the symmetric
stretching of Ti-O bonds. The peak at approximately 631 cm−1 is known as
the Eg mode and is associated with the symmetric bending of Ti-O bonds.
Interestingly, these peaks are characteristic of anatase TiO2

38–40. The Raman
spectra are consistentwith the results obtained byXRD,with the intensity of
the characteristic peak of the anatase phase at 144 increasing from S1 to S4
and thus confirming that our air-gap protocol used in preparing the TiO2

nanosheets allows the control of their crystallinity. The Raman spectrum of
TiO2 provides valuable information regarding its crystal structure, phase
purity, and defects. Anatase is one of the three naturally occurring crystal
structures of TiO2 and has unique properties, such as its high surface area,
low energy barrier for ion insertion, and two-dimensional intercalation
path, that make it suitable for electrochemical desalination.

In theFTIR spectrumofTiO2 (Fig. 1c), several keybands are important
for identifying the material. These bands originated from the vibrational
modes of the Ti-O bonds in the crystal lattice. The resulting spectrum
provided information on the vibrational modes of the sample. O-H
stretching is detected at approximately 1623 and 3400 cm−1, indicating that
the material is hydroxylated. Ti-O stretching is indicated by vibration that

occurs at approximately 600–800 cm−1 and is ascribed to the stretching of
the Ti-O bond in the anatase structure. Ti-O bending is characterized by the
vibration that occurs at approximately 400–500 cm−1 and is attributed to the
bending of the Ti-O bond in the anatase structure41; notably, no prominent
additional vibrational peaks that can be associated with the air-gap-assisted
solvothermal conditions are observed; all samples exhibit the same vibra-
tional peaks with minimal difference in peak intensity.

X-ray photoelectron spectroscopy (XPS) is a powerful analytical
technique that provides information on the chemical state and composition
of a material surface42. The XPS survey spectra of the TiO2 thin films are
presented in Fig. 1d, which shows that the presence of the carbon peak is
most likely due to instrument impurities. Figure 1e shows a high-resolution
XPS spectrumof pure TiO2film; the Ti 2pXPS spectrumdisplays two peaks
at 458.36and464.88 eV,which are attributed toTi4+. The area ratio between
these peaks is 2:1, which is stoichiometrically consistent. The difference in
binding energy between the Ti 2p3/2 and Ti 2p1/2 peaks is 5.45 eV, which
agrees with the known values for Ti4+–Obonding in TiO2

43,44. Additionally,
the shoulder Ti 2p1/2 at the binding energy of 461.98 eV corresponds to the
oxidation state Ti3+ in Ti2O3

45–47. These findings suggest that the film gen-
erates bothTiO2 andTi2O3during its formation.ThepresenceofTi3+ canbe
attributed to the oxygen vacancies generated by our unique method, which
consists of the variation in air-gap during the solvothermal process; the
oxygen vacancies are generated by the calcination temperature48 and air
plasma treatment45.

TheO 1 s spectrum displays two peaks at 530.77 and 533.42 eV, which
are associated with the lattice and non-lattice oxygens of TiO2, respectively
(Fig.1f)49. The binding-energy difference between the Ti 2p3/2 peak and the
O 1 s lattice oxygen peak is 72.7 eV, which is close to that observed for
anatase TiO2 (71.4 eV)

47,50. These results provide important information
regarding the chemical composition and bonding of TiO2, which can be
useful for understanding its properties and potential applications. The
relative peak areas of the lattice and non-lattice oxygen peaks provide
information regarding the surface structure of the material, with the
majority of oxygen atoms being in the lattice sites. The similarity between
the binding-energy differences observed for TiO2 and anatase TiO2 suggests
that thematerial has a surface structure andbonding environment similar to

Fig. 1 | Structural characterization of the synthesized 2DTiO2 sheets. aXRDpatterns, bRaman spectra, c Fourier transform-infrared (FTIR) spectra, dXPS survey spectra
of TiO2, and high-resolution spectra of e Ti 2p and f O 1s.
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that of anatase TiO2. Notably, the inclusion of oxygen vacancies naturally
improves the electrical conductivity of the 2D TiO2@CP electrode, which is
beneficial for advanced sodium storage. In addition, this approach is
effective for enhancing the capacity and cyclability of other electrochemical
energy systems based on metal oxides51–53.

TEM showed the remarkable transformation of TiO2 into 2D sheets
as the air gap in the solvothermal autoclave was varied (Fig. 2a–d). As
evidently seen in the TEM images, the resulting nanosheets preparedwith
various air gaps exhibited a 2D-layered structure with different ranges of
crystallinity. The TiO2 sheets started turning frommultiple layers to a few
or ultrathin layers. Figure 2 shows that the thickness of the TiO2

nanosheets is in the range of atomic dimensions, whereas their lateral
dimensions are in the range of micrometers. However, the TEM image
(Fig. 2a) shows the low crystallinity of the pristine TiO2 nanosheets, given
that the lattice fringes are not clearly visible and as confirmed by a dif-
fraction spot (inset Fig. 2a). S1, TiO2 was synthesized simply by heating in
an open atmosphere at 80 °C. The TiO2 appeared multilayer, and most of
it was amorphous and lacked crystallinity, as was evident from the
selected-area electron diffraction (SAED) and XRD patterns of S1 TiO2.
The morphology of TiO2 completely changed when the air-gap-assisted
solvothermal process was adopted to synthesize thematerial. Figure 2b–d
illustrates the effects of different air gaps on the structure and crystallinity
of the TiO2 nanosheets. As the air gap in the reactor increased, the 2D
nanosheets gradually became crystalline. The sheet-like structure of TiO2

was recognizable in all air-gap-assisted solvothermal syntheses. Figure 2d
shows the TiO2 nanosheet prepared at a larger air gap, which has a thin,
paper-like appearance and is characterized by a high number of wrinkles;
this appearance is similar to that of the graphene nanosheet54. To the best
of our knowledge, these are unprecedented 2D sheets of TiO2, not
observed previously; notably, the air-gap-assisted solvothermal method

can be used to produce these sheets in bulk. Thus, the TEM images
confirm that the TiO2 nanosheets have a two-dimensional shape and a
layered structure.

HRTEM analysis of sample S4 (Fig. 3) reveals that the lattice fringes
have an inter-layer distance of 0.346 nm, which approximately correlates to
the lattice spacing of the (101) planes of anatase TiO2, which is 0.351

55. The
(200) planes of anatase TiO2 could be identified by a lattice spacing of
approximately 0.189 nm, whereas a lattice spacing of approximately
0.235 nm corresponds to the (001) planes of anatase TiO2

56. This observa-
tion is consistent with theXRD study results. The results of TEMand SAED
analyses show that varied free spaces affect not only the crystalline phase and
crystallinity of the TiO2 nanostructures but also their morphologies. Ana-
tase TiO2 is a suitable material for Na electrosorption because of its high
surface area, unique surface chemistry, and good electrochemical stability.
The presence of the {001} and {200} facets in anatase TiO2 nanosheets can
provide a high density of surface sites forNa adsorption, which can enhance
electrochemical performance for sodium-ion storage. Additionally, anatase
TiO2 exhibits a reversible intercalation/deintercalation of sodium ions,
making it a promising candidate for use in sodium-ion batteries57,58 and
meanwhile, the surface area analysis of the pristine (S1) and the air-gap-
assisted crystalline (S4) nanosheets was conducted and presented in Fig. 4a.
The N2 adsorption isotherms of both materials at 77 K indicate that S1
exhibitsmicroporous features, while S4 has resulted in an extensive increase
inmesoporosity as depicted by the hysteresis loop on the BET isotherm due
to the air-gap solvothermal synthesis of S4. The corresponding increase in
N2 uptake on S4 further confirms the layering of the 2D nanosheets and the
increase in the inter-layer spacing. Consequently, the BET surface area of S1
was estimated at 249.5 m2/g, while S4 has a value of 934.5m2/g. Further-
more, the pore size distribution estimated by the non-linear DFT method
(Fig. 4b) revealed that S4 has an average pore size of 0.60 nm, in contrast to

Fig. 2 |Morphological analysis of the synthesized 2DTiO2 sheets.Transmission electronmicroscopy (TEM) images of the synthesized 2DTiO2 sheets a S1, b S2, c S3, d S4
under atmospheric and various air-gap-assisted solvothermal conditions.
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the 0.02 nm recorded for S1, making S4 a potential material for the efficient
electrosorption of Na+ ions.

Electrochemical study
All electrochemicalmeasurementswereperformed in a1.0MNaCl aqueous
solution using a three-electrode setup consisting of a platinum counter
electrode, Ag/AgCl reference electrode, and 2D TiO2@CP working elec-
trode. The 2D TiO2@CP CV curves (Fig. 5a) show quasi-rectangular geo-
metrieswithno evident redoxpeakswithin the potential range ranging from

0.2 V to 0.8 V. The broad redox peaks shown at 0.3 and 0.4 V correspond to
the insertion/de-insertion ofNa+ based on the redox couple Ti4+/Ti3+ 59.We
believe that during the CV scans and owing to the layered structure of the
material, sodium titanate was formed. Sodium titanates are a family of
chemical compounds containing Na and titanium oxide (TiOx) in various
stoichiometries. They exhibit a layered crystal structure consisting of
alternating sheets of titanium oxide (TiO6) and sodium ions. This archi-
tectural design generated accessible tunnels along the b-axis, thereby facil-
itating Na+ diffusion60. Fig. 5b shows a CV scan at 10mV/s for the 2D

Fig. 3 | High-resolution TEM lattice fringes of 2D TiO2. High-resolution TEM lattice fringe images of the 001 plane corresponding to anatase TiO2.

Fig. 4 | BET surface area and pore size distribution of 2D TiO2. aN2 sorption isotherms of S1 and S4 at 77 K, and b the pore size distribution of S4 estimated by the non-
linear DFT method.
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fabricated electrodes. For the TiO2 nanosheets prepared under different
conditions (S1, S2, S3, and S4), all of the CV curves show quasi-rectangular
geometries with no evident redox peaks within a potential range of
0.2–0.8 V. Equation (7) was used to calculate the specific capacity from the
CV scan of the different materials; the specific capacity of the electrode
fabricated with S4 was higher than that of the electrode fabricated using
materials S1, S2, and S3, with specific capacities of 4.993, 6.881 and
7.875 F g−1, respectively; by comparison, that of S4 was estimated to be
45.68 F g−1. This confirms the high performance of S4 because of its high
surface area, unique surface chemistry, and good electrochemical stability.
Anatase TiO2 is a suitable material for sodium electrosorption. Anatase
TiO2 nanosheets with {001} and {200} facets have a high density of surface
sites for sodium adsorption, which can enhance electrochemical perfor-
mance for sodium-ion storage.

2DTiO2@CPdemonstrated superior capacitive performancewhen the
scan rate was varied from 10mV s−1 to 100mV s−1 because of its enhanced
enclosed area provided by its CV curve. As shown above, at a scanning rate
of 10mV s–1, the specific capacitance of 2D TiO2@CP was approximately
49.43mA h g−1, and its shape remained stable as the scanning speed
increased. The GCD measurements in a 1M NaCl solution did not reveal
any distinct redox platform, suggesting that the 2D TiO2@CP electrode is a
pseudocapacitive Faradaic electrode material, implying that the Faradaic
phenomenon occurs on or near the surface of the electrode material (Fig.
5c)61,62. The electrode exhibited outstanding performance and cycling sta-
bility in NaCl solution, with minimal changes in the specific capacity and
retention rate even after 10000 cycles; these results demonstrate its high
electrochemical stability in water (Fig. 5d). Consequently, the extraction of
Na+ can be attributed to Faradaic and surface redox reactions, with the
specific reaction Eq. 1 given as follows63:

Ti4þO2þ xNaþ2 þ xe� $ Naþ Ti3þ xTi4þ1� x
� �

O2ðx ≤ 1Þ ð1Þ

The EIS spectrum and CVs of 2D TiO2 can be seen in Supplementary
Figs. 1 and2.Thebehavior of the 2DTiO2@CPelectrodematerial during the
charge–discharge process was influenced by the redox reaction and ion

diffusion62. As demonstrated by performing tests at various scanning rates,
the electrode material exhibited pseudocapacitive behavior owing to its
small volume and large surface area. The b value calculated usingEq. (6)was
0.76, indicating that the redox reaction is controlledby iondiffusion (insetof
Fig. 5e). To determine the respective contributions of diffusion-controlled
and pseudocapacitive behavior to the total sodium storage, Eq. 2 is used:

iðvÞ ¼ k1νþ k2ν
1=2 ð2Þ

where i(v), k1ν, and k2ν
1/2 denote the total capacitive-controlled, and

diffusion-controlled currents, respectively. To obtain the constants k1 and
k2, the i(v)/v1/2− v1/2 plots of the CV curves at different scan rates were
linearly fitted. Quantitative analyses revealed that at a scan rate of
100mV s−1, the pseudocapacitance contribution to the total Na+ storage
was 94%,whereas the contribution of diffusing chargewas only 6% (Fig. 5e),
corresponding to Na+ intercalation/deintercalation in the anatase TiO2

nanosheets64,65. Most of the ion storage occurred on the surface of the two-
dimensional TiO2 nanosheets62. As the scanning rate decreased, the
diffusion contribution increased whereas the capacitance contribution
decreased, as shown in Fig. 5f. At 10mV s−1, the capacitance contribution of
the 2D TiO2@CP electrode was 65% of its total capacity, suggesting that the
electrode material has promising applications in pseudocapacitive sodium
storage and electrosorption–desalination.

Adsorption/desorption of Na+ ions on the TiO2 composite film
A three-electrode configuration was used at room temperature to examine
the electrosorption–desalination performance of the 2D TiO2/CP electro-
des. Figure 6a illustrates the trend of conductivity versus time. Evidently, the
conductivity decreased when the negative potential was applied, thus con-
firming the adsorption of Na+ ions during the charging process. During the
discharging phase, Na+ ions were desorbed from the electrolyte, resulting in
an increase in conductivity27,28. A reversible reaction occurred during dis-
charge, releasing Na+ and Cl− into the electrolyte and increasing the elec-
trical conductivity66. Furthermore, the2DTiO2/CPelectrode exhibited good
electrosorption–desalination performance stability after six cycles without

Fig. 5 | Electrochemical characterizations of 2D TiO2. Cyclic voltammetry (CV)
curves of 2D TiO2 at a different scan rates and b under different preparation con-
ditions; c galvanostatic charge–discharge (GCD) profiles at different specific current

densities, d GCD curves from the first to 10000th cycle at a specific current of
100 mA g;−1 e capacitive and diffusion contributions at 100 mVs;−1 and
f contribution ratio of capacitive capacities at different scan rates.
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any substantial decline (Fig. 6b). The desalination capacity of the 2D TiO2/
CP electrode was 33.19mg g−1 as determined using Eq. (3). To study the
effects of various applied potentials, electrosorption–desalination tests were
carried out on the 2DTiO2/CP electrode using a three-electrode setup using
a solutionwith aNaCl concentrationof 1,000mg L−1. The appliedpotentials
for the 2DTiO2/CP electrodes were in the ranges of 0.8 to−0.8, 1.0 to−1.0,
and 1.2 to−1.2 V, respectively, and the adsorption timewas fixed at 15min.
Various applied potential ranges for SAC are shown in Fig. 6c. The average
adsorption capacity values for −0.8 V, −1.0 V, and −1.2 V were 31.33,
32.73, and 33.023mg g−1, respectively, indicating that the adsorption
capacity increases with increasing applied potential. Meanwhile, the typical
salt adsorption rates were 2.09, 2.18, and 2.20mg g−1min−1 at the same
applied potential (Fig. 6d). The same trend was observed: the ASAR
increased proportionallywith the applied potential because driving forces of
the Na+ and Cl− ions increased under stronger electric fields at higher
voltages, resulting higher ASARs66–68. In addition, we performed the elec-
trosorption process at different initial NaCl concentrations, and the results
showed that the increase in the initialNaCl concentration led to the increase

in adsorption capacity; as seen in Fig. 6e, the SAC values were 18.81, 23.95,
and 33.19mg g−1 for the initial Na+ concentrations of 250, 500, and
1000 ppm, respectively. Even at low NaCl concentration (250 ppm), an
acceptable adsorption capacity canbe achieved.Thus, 2DTiO2producedby
the air-gap-assisted solvothermal process was highly activated to desalinate
water from low-salt to high-salt-containing water, thus making it a multi-
purpose electroactive material.

Interestingly, the electrode constructed using 2D TiO2 exhibited
superior desalination capacity to those of other comparable electrodes
(Table 1),whichmaybedue to the synergistic effect of the lamellar structure,
shorter ionic diffusion path, more active adsorption sites, and pseudoca-
pacitive behavior. Furthermore, comparedwith othermaterials, this unique
2D-layered TiO2 had a larger desalination capacity and lower specific
capacity. Compared with closed materials, a higher SAC for a smaller spe-
cific capacitance indicates a higher usage efficiency of our unique layered2D
TiO2 material.

In summary, we introduced an air-gap-assisted solvothermal method
to produce high-quality 2DTiO2material. The dimensions and crystallinity

Table 1 | Comparisons between the desalination capacities of different types of electrodes

Material Salt adsorption capacity (mg g−1) Specific capacity (F g−1) Concentration References

Coconut-shell activated carbon (AC) 9.15 112 69

AC particle electrode modified by phosphoric acid 15.52 - 500mg L−1 70

3D-Na+-Ti3C2Tx 16.2 143.2 100mg L−1 71

Graphene/CNTs/ZnO (FGC-ZnO) 28.62 280 600mg L−1 72

ZIF-8-derived polyhedron particles 8.52 160.8 1M 73

Nitrogen-TiO2/ZrO2 nanofibers incorporated AC (NACTZ) 3.98 691.78 74

MoS2/CNT 25 75 500mM 75

2D-layered TiO2 33.19 45.68 1000mg L−1 This work

Fig. 6 | Adsorption and desorption ofNa+ ions on the 2DTiO2 electrodes.Trends
of a conductivity fluctuation, b long-term salt adsorption capacity, c and salt
adsorption capacity (SAC) at different cutoff voltage ranges; d salt adsorption rate of

2D TiO2 at different cutoff voltage ranges, and e SAC at different Na+ concentra-
tions. The error bars on the graphs demonstrate the standard deviation within two
sets of data.
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of the sheets can be tuned by varying the air gap in the autoclave, and
optimumtunning results in the formationof high-quality 2Dsheets. The 2D
TiO2 possesses a layered structure that provides a multitude of active
adsorption sites, surface defects, and shorter routes for ion diffusion. The
remarkable electron-transfer rate and conductivity highlight the tre-
mendous potential of this material for use in capacitive deionization
applications. Notably, the electrode exhibited an impressive desalination
capacity of 33.19mg g−1. These remarkable achievements can be attributed
to the synergistic effects arising from the unique layered structure, large
specific surface area, short ionic diffusion path, and pseudocapacitance of
the material. The air-gap-assisted synthesis of high-quality 2D TiO2 sheets
described herein has potential applications in electro-storage, electro-
catalysis, photocatalysis, and self-cleaning membranes.

Methods
Materials
Titanium(IV) isobutoxide was purchased from Sigma–Aldrich. Analytical
reagent-grade dimethylformamide (DMF, 99.5%) was purchased from
Fisher Scientific. Methanol was obtained from Scharlau. Sulfuric acid
(H2SO4, 98%), hydrochloric acid (HCl), and sodium chloride (NaCl)
solutions were obtained from Sigma–Aldrich and used as received.

Synthesis of 2D-layered TiO2 nanosheets
Titanium(IV) isobutoxide was used as a precursor to synthesize various
2D sheets of TiO2. In the first stage, titanium(IV) isobutoxide (2 g) was
added toDMF (27mL) and heated at 80 °C. TheTiO2 thatwas not further
processed at this stage was denoted by S1. S1 (TiO2) was the material that
was obtained after 30 min of heating at 80 °C. Subsequently, three types of
available solvothermal autoclaves, which had different air gaps or free
volumes, were used after the addition of the precursors. The heated tita-
nium(IV) isobutoxide in DMF was transferred into the solvothermal
autoclave and kept for 48 h at 150 °C. The autoclave was then cooled to
room temperature (25 °C). Subsequently, the obtained 2D TiO2 sheets
were collected by centrifugation at 6000 rpm and cleaning by washing
several times with methanol. The 2D TiO2 sheets were called S2, S3, and
S4, in accordance with the air-gap or free volume of the PTFE autoclaved
reactor container of 25, 50, and 250mL, respectively. 18 mL of the
precursor-containing solution was transferred into a 25mL container.
The air gap during the synthesis increasedwith the distance from S2 to S4.

Fabrication of TiO2/CP electrode
The as-prepared 2D TiO2 sheets were dispersed in DMF and then poured
directly onto the surface of carbon paper (CP). Thereafter, the mixture was
dried at 60 °C for 12 h. TiO2 adhered uniformly to the CP without the need
for a binder. The prepared electrode was referred to as 2D TiO2@CP.

Characterization
X-ray diffraction (XRD) (Malvern Panalytical X’Pert3)was used to examine
the TiO2 nanosheet and electrode structures. The analyses were performed
at a scanning rate of 0.04 °C/min in the 5–70° range. A field-emission
transmission electronmicroscopy (FE-TEM) system (JEOLJEM2100F)was
used to study the morphologies and structures of the samples. The Fourier
transform-infrared (FTIR) spectra of the TiO2 nanosheets were recorded
using a Thermo Scientific Nicolet Is5 instrument in the range of
500–4000 cm−1.

Electrochemical measurements
Electrochemical characterization tests were performed using a multi-
channel potentiostat (Corrtest CS 310), which was controlled using CS
Studio6. A three-electrode setup was used to evaluate electrochemical
performance. The counter electrode was a Pt mesh, and the reference
electrode was Ag/AgCl. Using an electrochemical setup, the cyclic
voltammetry (CV) curves of the electrodes were recorded in a 1 M
aqueous NaCl solution in the potential range of 0.2–0.8 V
(versus Ag/AgCl). Measurements were performed at scan rates of

100, 50, 30, 10, and 1 mV/s. Na extraction measurements were
performed using a 60 mL electrolytic cell; the distance between the
electrodes was maintained at 15 mm.

Three electrodes were used to test the electrochemical adsorption and
desorptionofNa+onto the 2DTiO2/CPelectrode at room temperature. The
amount of NaCl aqueous solution used in this experiment was 15mL, and
the Na+ ion concentration was maintained at 1000 ppm. 2D TiO2/CP, Pt
mesh, and Ag/AgCl electrodes were used as the working, counter, and
reference electrodes, respectively. The working electrode was subjected to a
reduction potential of −1 V for electrochemical adsorption of Na+ ions.
Equation (3) was used to determine the adsorption capacities of the elec-
trode films (Q):

Q ¼ Co � Ce

� �
×V

m
ð3Þ

where Co and Ce represent the initial and final concentrations, respectively;
V represents the volume of the aqueous solution; andm represents themass
of the TiO2/CP hybrid film. After the TiO2/CP hybrid film electrode
adsorbed the Na+ ions, a voltage of 1.0 V was applied as the oxidation
potential to achieve Na+ desorption.

Thedesorption ratio of the compositefilmwas calculatedusingEq. (4):

Desorption ratio ¼ Qs

Qe
ð4Þ

whereQs represents the amount of Na+ ions desorbed into the solution and
Qe represents the amount of Na+ ions adsorbed by the 2D TiO2/CP film.

The average salt adsorption rate (ASAR, mg g−1 min−1) was calculated
based on Eq. (5)

ASAR ¼ SAC=t ð5Þ

where SAC is the Salt AdsorptionCapacity (mg g−1) and t is the desalination
time (min).

In general, the power-law relationship between the currents and scan
speeds of the CV curves conforms to Eq. (6)

i ¼ avb ð6Þ

Cp ¼ A
2mKΔV

ð7Þ

where Cp is the specific capacitance in F g−1, A is the area in AV, m is the
material mass, K is the scan rate of CV in V s−1, and ΔV the potential
window of the CV. The error bars in the figures represent the standard
deviation (SD).

Data availability
The main data that support the results of this study are available in this
Article.
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