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The growing scarcity of freshwater resources has intensified the need for efficient desalination technologies. In recent years,
graphene oxide (GO) and titania have emerged as highly promising candidates for membrane fabrication, owing to their
exceptional physicochemical properties. In this study, we present a comprehensive investigation into the synthesis, characterization,
and application of two-dimensional GO-titania nanosheet composite membranes for ion sieving. Firstly, layered potassium
lithium titanate crystals Ko gTij 73Lip2704 were produced by a solid-state growth method. The crystals were converted into
monolayer titania nanosheets (TiNS) through acid-exchange and liquid phase exfoliation. X-ray diffraction (XRD) analysis
and characterization techniques such as SEM, TEM and AFM confirmed the presence of monolayer Tip 70, nanosheets in
the colloidal solution. Fabrication of GO-TiNS composite membranes was achieved by employing vacuum filtration of a
well-dispersed mixture containing GO nanosheets and TiNS. Ion selectivity of the membranes was evaluated for their ion sieving
capabilities. Results showed that the permeation rates of Mg”* decreased faster than that of Li* with addition of TiNS, and the
Li*/Mg2+ separation ratio is 1.08, 1.65, 1.87, 1.83 for GO, GO-TiMS1.2, GO-TiNS2.0 and GO-TiNS2.5 membrane, respectively.
The best selectivity for LiT/Mg?* was achieved with 2.0% of TiNS in GO. Our results indicate TINS could increase the separation
capability of GO membrane between Li* and Mg?*. This work demonstrates the potential of GO and TiNS for future application

in the design and optimization of advanced ion-selective membranes.
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Introduction

Separation is one of the significant technologies for monitoring
anthropogenic pollutants in aquatic systems and enhancing effi-
ciencies of various types of batteries, contributing to enormous
economic effects, clean energy generation, and a sustainable
ecosystem'!. Traditional separation methods include absorp-
tion2, extractive distillation”, crystallization, etc. These ap-
proaches have been broadly applied in industrial processes but
take up 10-15% of energy consumption in the world and 50% of
that in the chemical industry. Among novel separation technolo-
gies, ion-selective membranes have garnered immense attention
in recent years, owing to their pivotal role in various applications
such as desalination, energy storage, and separation processes=.
These membranes are engineered to allow selective transport of
ions while impeding the passage of other species, facilitating
the efficient separation and purification of diverse ionic species.
Membranes prepared from two-dimensional (2D) materials have
demonstrated remarkable properties, such as exceptional se-
lectivity, high permeability, and enhanced durability, making
them promising candidates for water purification or resource
recycling®. Among common types of ion-sieving membranes,
reverse osmosis membranes, nanofiltration membranes, and

electrodialysis membranes mainly employ polymeric composite
materials, while other membranes also use graphene/graphene
oxide, zeolites, or other materials. Various composite materials
are fabricated into membranes to improve ion selectivity via size
exclusion, electric charge interaction and co-enhancement of
size exclusion and electric charge interaction, allowing certain
ionic species to be selected and therefore leading to different

applications-’.

Graphene oxide (GO), a derivative of graphene, possesses a
2D structure with oxygen-containing functional groups. This
structure imparts remarkable mechanical strength, high surface
area, and excellent chemical stability to graphene oxide®. How-
ever, the natural tendency of GO laminates to swell in water
can significantly reduce its separation performance”. Numerous
studies have been done to modulate the interlayer spacing of
GO membranes, such as chemical reduction, cation controlling,
and building multilayer architectures'V. In addition, exfoliation
of micro-sized 2D materials into nanosheets is essential for con-
structing layered membranes. Titania nanosheets (TiNS), as a
2D nanomaterial with high crystallinity and exceptionally low
thickness, have been heavily investigated for the superior photo-
catalytic activity, chemical stability, and ion adsorption capacity
of titania'l. Previous study has reported the synthesis of TiNS
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by exfoliating protonic titanate Crystalsu-_Z'. The electronegativity
of TiNS can cause negatively charged graphene nanosheets to
align through electrostatic repulsion during the membrane as-
sembly. High-quality graphene hybrid films were fabricated by
adding a small quantity of TiNS and exhibited significantly im-
proved mechanical flexibility and electrical properties. Hybrid
films of graphene oxide (GO) and monolayer titania (TO) were
assembled and demonstrated tunable hydrophilicity'E‘. There-
fore, the combination of the GO and TiNS may exhibit a unique
property that make them ideal candidates for ion sieving.

In this study, we fabricated highly aligned 2D GO-TiNS com-
posite membranes by adding a small quantity of TiNS. The high
electronegativity of TiNS enhances the electrostatic interactions
with GO nanosheets, which promotes better arrangement of the
GO nanosheets. The resulting GO-TiNS composite membrane
show enhanced ion sieving properties. Our work demonstrates
the potential of GO and TiNS for future application in the design
and optimization of advanced ion-selective membranes.

Results

Characterizations of fabricated composite

By employing a high-temperature solid-state growth method,
we generated plate-like Ko gTi; 73Li0.2704 microcrystals with
an average lateral dimension ranging from 2 to 3 um, as de-
picted in Figure 1a through SEM imaging. Following an acid
leaching process, the material transformed to the protonated
form (H; 97Ti;.7304), resulting in some degree of loosening in
the plate crystals (Figure 1b).

Fig. 1 SEM images of (a) layered K¢ gTij 73Lip2704 crystals and (b)
protonated titania Hy ¢7Ti; 7304 crystals.

The XRD patterns of layered and protonated crystals are
shown in Figure 2. By comparing the diffraction peaks with
a standard card library, the phase analysis results confirm the
presence of Hj ¢7Ti; 7304 in the protonated phase (Figure 2b).
There is an absence of the diffraction peak, which is a char-
acteristic of the Ko gTij 73Li92704 layered phase (Figure 2a),
indicating a complete exchange of interlayer K+ ions with H
ions. Notably, the most prominent peak in the protonated phase
corresponds to the diffraction peak at 26 = 9.61°, indicating an
expanded interlayer distance of d = 0.92nm. In contrast, the
interlayer distance of layered crystals is 0.77nm, highlighting

the substantial increase in interlayer spacing in the protonated
phase.

Intensity (a.u.)

10 20 30 40 50
26 (degree, Cu Ka)

Fig. 2 XRD patterns of (a) layered K¢ gTij 73Lig.2704 crystals and (b)
protonated titania Hy (7771 7304 crystals.

Then the protonic titanate crystals were reacted with an aque-
ous tetramethylammonium hydroxide (TMBOH) solution, re-
sulting in the intercalation of TMB™ ions along with H,O
molecules. The layered titanate crystals were exfoliated into
molecular nanosheets TiNS. The suspension exhibited a lustrous
texture (Figure 3a), indicating the presence of quasi-long-range
molecular organization and the formation of a nematic liquid
crystalline mesophase. The obtained TiNS were examined by
TEM and AFM observations. As shown in the TEM image (Fig-
ure 3b), the lateral sizes of TiNS were in the range of 1~2 um.
Atomic force microscope (AFM) analysis confirmed that the
substance in the colloidal solution consisted monolayer sheets,
measuring approximately 2.3 nm in thickness (Figure 3c, 3d).

10 0m

Fig. 3 Characteristics of titanate nanosheets TiNS. (a) Picture of the
exfoliated TiNS colloidal solution showing a lustrous texture. (b) TEM
image of TiNS. (c) AFM image of TiNS deposited on a mica substrate.
(d) The height profile of TiNS along the white line marked in the AFM
image.

The GO-TiNS composite membranes were fabricated by vac-
uum filtration of a homogeneously dispersed mixture of GO
nanosheets and TiNS. By changing the mass fraction x wt%
of TiNS, the obtained composite membranes were denoted as
GO-TiNSx. Membrane GO-TiNS1.2 was used for membrane
characterization compared with pristine GO membrane.

The morphological features of composite membranes were
investigated. Compared with the dark black of GO membrane,
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Fig. 4 Photographs of (a) GO and (b) GO-TiNS1.2 membranes.

the composite membranes exhibited light black (Figure 4). Top-
view SEM observation demonstrated some degree of corrugation
on the GO membrane surface (Figure 5a), which may exert no-
table effects on their chemical reactivity and electrochemical
properties. This corrugation was mitigated with incorporation
of titania nanosheets (Figure 5b). These changes in appear-
ance implied a difference in inner structure and compositional
characteristics of the membranes. Cross-sectional SEM obser-
vation clearly demonstrates the lamellar structures of GO-TiNS
membrane (Figure 5c,d).

Fig. 5 Surface SEM images of (a) GO and (b) GO-TiNS2.0
membranes. Cross-sectional SEM images of (c) GO and (d)
GO-TiNS2.0 membranes.

The membrane surfaces were further examined by in situ at-
tenuated total reflection Fourier-transform infrared spectroscopy
(ATR-FTIR). FTIR is commonly used to characterize chemical
composition by measuring the absorbance of light through a sam-
ple as a function of wavelength to identify the chemical bonds
and functional groups in a composite. ATR-FTIR is a label-
free, non-destructive analytical method to obtain IR spectra with
an internal reflection element and commonly used for mem-
brane characterization''Z. Figure 6 presents the FTIR spectra of
GO and GO-TiNS composite membranes in the wavenumber
range of 500-4000 cm~!. The FTIR spectrum for GO mem-
brane shows a large number of functional groups. For both
membranes, the broad band between 3600-3000 cm ! can be as-
signed to stretching vibration of hydroxyl (OH). The peak at
1724 cm~! and 1631 cm™! can be attributed to C=0O stretching
of carbonyl group. The absorption peaks at 1600-1400 cm ™! can
be assigned to the C=C of graphene@'. In the case of GO-TiNS
composite membrane, the intense peak at 938 can be attributed
to Ti-O stretching which is the characteristic of the formation of
Ti-O-Ti network??, while the FTIR spectrum also keeps some

features of GO componentsm‘. The above results indicate highly
aligned hybrid membranes were obtained.

Tuansmittance (a.u.)

L L L L L
3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 6 ATR-FTIR spectra of GO and GO-TiNS1.2 membranes.
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The effects of TiNS on membrane separation performance

To investigate the transmembrane properties of ions, the mem-
brane was clamped in an ion permeation device. The conductiv-
ity of a solution is proportional to the number of ions, therefore,
can be used to determine the salt concentration using a series of
known standard solutions. The conductivity of the salt solution
in the raw side was measured every 10 min for 1 h. The salt
concentrations in the raw side at each time point were obtained.
As shown in Figure 7a, the ion concentrations in the raw side
increased linearly with time. As Li™ has smaller hydration di-
ameter2, its permeation rate was higher than that of Mg?* for
both GO and GO-TiNS membranes. To further investigate the
impact of TINS amendment on ion selectivity of the membranes,
a series of membranes with different mass fraction of TiNS were
prepared. For both Li™ and Mg?*, the permeation rates dropped
with increasing mass fraction of TiNS, suggesting that TiNS
- g

will hinder the permeation of ions.
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Fig. 7 Effects of TiNS addition on the membrane separation
performance of mono-/di-valent ions. (a) Changes of ion concentration
with time; (b) Changes of ion permeation rate with different mass
fraction of TiNS.
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As indicated in Figure 7b, the permeation rate of Mg”* de-
creased faster than that of Lit. Therefore, we calculated the
Lit/Mg>" separation ratio of the membranes, which is 1.08,
1.65, 1.87, and 1.83 for GO, GO-TiMS1.2, GO-TiNS2.0, and
GO-TiNS2.5 membranes (Table 1), respectively. Our results
indicate that TiNS could increase the separation capability of
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the GO membrane between Li* and Mg?*. The best selectivity
was achieved with 2.0% of TiNS in GO.

Table 1 Lit/Mg?* selectivity of the membranes prepared from
GO-TiNS and previously reported membranes.

Membrane Ion Separation Ratio | Reference
(Lit/Mg*")
GO 1.08 This work
GO-TiNS1.2 1.65 This work
GO-TiNS2.0 1.87 This work
GO-TiNS2.5 1.83 This work
Nitrate ZnAl-LDH Upto6 25
GO 1.25 26
Ti3C2TX 8.75 26
PIP-WCNTSs/PEI/PES 7 27
DAPP/TMC ~3 28
Ui0-66-COOH 200 29
COF (TpBDMey) 217 28
Discussion

Ton selectivity is a highly desired property of membrane tech-
nologies for water purification, isolation and recovery of valu-
able resources from industrial water!. As lithium demand in-
creases for applications like batteries, it is essential for efficient
lithium extraction, particularly from brines, which is a signif-
icant challenge in the field of water treatment and resource
recovery. Therefore, the development of new, energy-efficient
separation techniques, especially for Li/Mg separation, is ur-
gently required.

Membranes made from 2D materials have demonstrated ex-
cellent potential in the field of ion separation®, such as graphene,
GO, MXenes, metal organic frameworks (MOFs) and covalent
organic frameworks (COFs). The tunable microstructures and
multifunctional reactive groups offer GO membranes great po-
tential in water desalination and gas purification®. However, the
variable size of the interlayer spacing between GO sheets and the
tendency of GO membranes to swell in aqueous solution, greatly
affect the applications of GO membranes. Modulating the inter-
layer channel of GO membrane by building multilayer architec-
tures has been proven to be effective to enhance ion selectivity.
For example, a multilayer membrane was constructed based on
graphene and sulfonated anino-polystyrene (rGO@SAPS) for
selective separation of lithium ions3.,

Exfoliation of layered 2D materials would provide rich source
of nanosheets for constructing layered membranes. Various
exfoliation methods have been developed recently, such as me-
chanical, hydrothermal, electrochemical, and laser/microwave-
assisted exfoliation methods?*. The most commonly used
method is liquid-phase exfoliation. In this study, the suspension
of few-layer titanate nanosheets of about 2.3 nm in thickness and

1 2 um in lateral size was exfoliated from titanate crystals via
intercalation of TMBOH. Unilamellar GO were commercially
obtained of 0.8-1.2 nm in thickness and 50-200 nm in lateral
size. With monolayer sheets of GO and TiNS, we fabricated the
composite membrane by vacuum filtration of aqueous solution
without using any organic solvent, which is environmentally
friendly. The membrane selectivity of Lit/Mg>* increased with
the increasing mass fraction of TiNS, suggesting that TiNS
promotes compact stacking of GO nanosheets, resulting in im-
proved layer alignment.

By adding a small amount of TiNS nanosheets, the ion se-
lectivity of the GO membrane was significantly improved. The
Lit/Mg>* separation ratio of GO-TiNS membrane was com-
pared with representative membranes reported previously, in-
cluding micro-sized nitrate ZnAl LDH membranes, MXene-
based membranes, covalent organic frameworks (COFs) mem-
branes and metal-organic frameworks (MOFs) membranes (Ta-
ble 1)230. However, the Lit/Mg?* selectivity of GO-TiNS
is the lowest value, which is two orders of magnitude lower
than the COF membranes. Nevertheless, our approach offers a
novel pathway for enhancing ion selectivity through the strategic
integration of titania.

Differential separation of ions depending on both the hydra-
tion radius and charge of the ions. Layered membranes can be
controlled by changing flake size, interlayer distance and mem-
brane thickness. Sun et al.*!' compared the ion penetration prop-
erties of GO membranes prepared from nanosize and microsize
GO sheets, respectively. They demonstrate that nano-GO mem-
branes have few wrinkles on the surfaces, while the surfaces of
micro-GO membranes were corrugated, resulting in significantly
increased permeability of all the cations in nano-GO membranes
compared to micro-GO membranes. The interlayer distance of
GO sheets can be modulated by inserting large chemical groups,
soft polymer chains or even larger-sized nanoparticles>>. Ma-
terial load can also impact the desalination performance of GO
membranes=?. By adjusting the mass fraction of TiNS, the se-
lectivity of the GO-TiNS composite membrane was potentially
enhanced. However, cross-sectional SEM observation revealed
that the layered structure was not densely compact (Figure 5d),
probably because of the lateral microsize of TiNS sheets, which
potentially reduced the membrane performance. To enhance the
selectivity of the GO-TiNS composite membrane, improvements
in the membrane structure are essential.

The permeation of salts seems to be controlled by surface
charge of membranes. By tuning the membrane surface charge
from highly positive to highly negative, MgCl, permeability
continuously increased while Na,SO4 permeability showed a
linear reduction”. The charge state of TiNS depends on the
surface pH. At low pH, the nanosheets are positively charged,
while at high pH, they are negatively charged®?. Therefore,
the ion separation of GO-TiNS membranes may be modulated
with pH adjust. Future research is needed to fundamentally
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understand the potential separation mechanism in the composite
membrane, and thus to improve the ion selectivity.

Conclusion

In this study, we successfully synthesized titania nanosheets
(TiNS) from potassium lithium titanate single crystals through
acid-exchange and exfoliation methods. The characteristics of
the resulting crystallites were thoroughly examined using SEM,
TEM, and AFM, confirming the presence of monolayer sheets
within the colloidal solution. We then fabricated composite
membranes composed of GO and TiNS via vacuum filtration
of a well-dispersed mixture of GO nanosheets and a specific
mass ratio of TiNS. The ion selectivity of these membranes was
assessed, revealing that the incorporation of TiNS reduced the
membrane’s permeation capacity while enhancing Li*/Mg>*
separation. Although the separation performance of this work
did not reach the best level, this preliminary work demonstrates
the potential of GO-TiNS composite membranes in the area
of membrane separations. Future work will be needed to en-
hance the separation performance, and systematically assess the
membrane’s performance against other ions, under varying pH,
temperature, and long-term stability.

Methods

Synthesis of Titania Nanosheets

TiNS was synthesized using the protocol reported previously-Z.
Typically, chemicals of K,CO3, TiO,, and Li,CO3; were mixed
intimately in a molar ratio of 10.4:2.4:0.8 and reacted at 900 °C
for 20 h. The crystal of K gTij 73Lip2704 was obtained and
subsequently converted into H; o7Ti; 7304 in 0.5 mol/L of HCI
solution by stirring for 3 days. To produce single-layer TiNS
dispersion, protonic titanate crystals were delaminated in tetra-
butylammonium hydroxide ((C4Hg)4NOH; TBAOH) solution
for 7 days with a solid-to-solution ratio of 4 mg/mL.

Fabrication of GO-TiNS Membranes

Graphene Oxide nanosheet aqueous suspension (XF020,
2 mg/mL, diameter: 50-200 nm) was purchased from Nan-
jing XFNANO Technology Co., Ltd., China. The GO-TiNS
composite membranes were prepared through vacuum filtration
of a homogeneously dispersed mixture of GO nanosheets and
TiNS. A diluted GO suspension was mixed with TiNS for 20 min
by sonication followed by stirring at 500 rpm for 3 h to obtain a
homogeneous dispersion. The GO-TiNS dispersion was filtered
through a hydrophilic PVDF membrane (0.45 pm pore size).
Samples were prepared with different mass fractions of TiNS at
0, 1.2, 2.0, and 2.5 wt%, respectively. The resulting membranes
were dried at 40 °C for 12 h.

Ion Permeation Test

A side-by-side H-cell was used to evaluate the membrane per-
formance. DI water was added as the raw liquid, and 0.1 M salt
solution (MgCl, or LiCl) was used as the draw solution. The
membrane was placed between two compartments and faced the
draw solution. The two compartment cells were stirred simul-
taneously during the test. After testing, DI water was used to
soak for 2 h to clean the membrane. The test was carried out
at room temperature. The ion permeation rate J (mM/min) was
calculated using the following equation:
J— G -Gy ,
t

where Cy (mM) and Vjy (L) represent the initial salt concentration
and solution volume on the raw side, respectively. C; (mM)
and V; (L) are the salt concentration and solution volume after
running for a given time, and ¢ (min) is the operating time. The
conductivity of the solution on the raw side was measured by
a conductivity meter (DDS 307A, Shanghai INESA Scientific
Instrument Co., Ltd) to determine changes in salt concentration.
The membrane selectivity, defined as the separation ratio, was
calculated by the following equation:

_ JLi
Intg’

S

where Ji; and Jy, represent the mean permeation rates of Li™
and Mg?* through a membrane, respectively.

Characterization

A scanning electron microscope (SEM, Zeiss Gemini 500, Ger-
many) was used to study the morphology of the produced tita-
nia crystals. The XRD patterns were recorded using a Rigaku
Miniflex-600 operated at 40 kV voltage and 15 mA current with
Cu Ko radiation (A = 0.15406 nm) at a step width of 5° min—!.
The obtained titania nanosheets were characterized for their
lateral dimensions and thickness using a Hitachi HT7700 trans-
mission electron microscope (TEM) and a Bruker Multimode 8
atomic force microscope (operated in PeakForce Tapping mode).
The top-view and cross-sectional microstructure of membrane
samples were examined using an SEM (QUANTA FEG 250,
United States) at an accelerating voltage of 5-10 kV. The mem-
branes were also inspected using an attenuated total reflectance
Fourier transform infrared spectrometer (ATR-FTIR, Nicolet
iN10, Thermo Scientific) by scanning from 4000 to 400 cm™!
at 2 cm~! resolution.
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