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Abstract

Nanoporous layered titanate (HTO) nanosheet membranes were fabricated via restacking nanoporous HTO nanosheets on a hydro-
philic polytetrafluoroethylene (PTFE) filter substrate. Nanoporous HTO nanosheets were prepared by exfoliating a nanoporous HTO
that was obtained by selectively dissolving BaTiO; (BT) nanoparticles in a mesocrystalline BT/HTO nanocomposite in an HCI
solution. The BT/HTO nanocomposites were synthesized by the solvothermal treatment of HTO platelike particles in a Ba(OH),
solution. The pore size of the nanoporous HTO nanosheet membrane was controlled by the BT nanoparticle size in the BT/HTO
nanocomposite. Meanwhile, the size of the BT nanoparticle was controllable by the solvothermal synthesis conditions of the BT/
HTO nanocomposite, including the reaction temperature, Ba/Ti mole ratio, and solvent in the reaction system. Furthermore, we
designed a self-adjusting membrane thickness process (SAMTP) to efficiently fabricate nanoporous HTO nanosheet membranes
on the PTFE substrate. The rejection of solutes with different sizes and water permeance capacities demonstrated that the nano-
porous HTO nanosheet membranes fabricated by the SAMTP possessed size-controlled nanopores with uniform size in the range
of 1.5-100 nm, uniform nanometer-scale thicknesses, excellent hydrophilicity, high water permeance, and good durability. Thus,
the fabricated nanoporous HTO nanosheet membranes would be excellent candidates for water treatment and molecule separation.

Keywords Inorganic nanoporous membrane - Hydrophilic separation membrane - Nanoporous layered titanate nanosheet -
Water treatment

1 Introduction has been focused on the worldwide water shortage crisis

[2]. Membrane separation technology is an efficient tech-

According to a prediction of the United Nations, two-thirds
of the world’s population will be living in water-stressed
conditions by 2050 [1]. As a result, much research attention
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nique for water purification due to its high efficiency, ease
of operation, and low energy consumption [3-5]. The pore
size is the most important parameter of porous membranes.
Based on the pore size, porous membranes can be classi-
fied as microfiltration (MF), ultrafiltration (UF), nanofiltra-
tion (NF), and reverse osmosis (RO) membranes [6—8]. NF
and RO membranes with smallest pore sizes in the range of
0.5-2 nm are mainly used to separate small molecules and
ions [9, 10]. The NF and RO membranes, which are typi-
cally commercially available, are polymer-based products
and have advantages such as superior chemical resistance,
oxidation resistance, and ease of fabrication. Undoubtedly,
polymeric NF and RO membranes are currently in the fore-
front of separation and water treatment membranes dues to
their well establishment and outstanding track records [11].
One of the critical issues in the currently use of polymeric
NF and RO membranes in water treatment is the trade-off
relationship between permeability and selectivity, as well as
membrane fouling resistance and scaling [12].
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Inorganic membranes possess high hydrophilicity, which
can improve permeability and selectivity of the mem-
branes and reduce fouling. Furthermore, good mechani-
cal strength is also expected for the inorganic membranes
[13]. Some inorganic membranes, including ceramic [14],
zeolite [15], metal organic framework (MOF) [16, 17], and
nanocarbon-based membranes, have been developed [18,
19]. Both theoretical calculations and experiment perfor-
mances of the inorganic-based nanoporous membranes
have been conducted in separation applications [20-22].
Graphene, a typical two-dimensional nanocarbon material
with a single-atom thickness, is a promising material for
next-generation separation membranes, due to its very thin
nanosheet morphology, excellent flexibility, mechanical
strength, and thermal and chemical stabilities [23]. Several
theoretical studies have been carried out, while limited num-
bers of the experimental studies have been conducted on
porous graphene membranes for applications in water treat-
ment. Usually, pristine graphene is a non-porous nanosheet
without permeability for water or ions [24, 25]. Therefore,
it has become a challenge to open nanopores in graphene
nanosheets. O’Hern et al. have reported studies on single-
layer nanoporous graphene membranes fabricated by using
ion irradiation, chemical etching, and O, plasma treatment of
intact graphene nanosheets [26, 27]. The experimental stud-
ies have demonstrated the exceptional mechanical strength,
fast water transport, and negligible thickness of nanoporous
graphene membranes in water desalination [28]. However,
these experimental studies were limited to millimeter-scale
membranes because currently used processes cannot provide
large-size, single-layer, nanoporous graphene membranes
concisely [29].

Vacuum filtration is a traditional and straightforward
process applied to fabricate large-scale membranes using
two-dimensional nanomaterials. However, membranes with
uniform thicknesses at the nanometer scale are difficult to
fabricate. Moreover, one of the problems with vacuum filtra-
tion is time-consuming [30]. Multi-layer graphene membranes
with micrometer-scale thicknesses have been fabricated by
this process using non-porous graphene nanosheets [31].
Water molecules or small organic molecules pass through the
multi-layer, non-porous graphene membrane from the inter-
layer spaces of the multilayered stacked graphene nanosheets,
extending the migration distance of the molecules required to
pass through the membrane and reducing the permeance per-
formance [32]. Moreover, this technique can easily introduce
defects in the fabricated membranes [33]. Compared with
graphene-based membranes, metal oxide nanosheets exhibit
excellent hydrophilicity, which can improve the water perme-
ance for high-performance nanoporous membranes. The vac-
uum filtration technique was also employed to fabricate multi-
layer nanosheet membranes using non-porous metal oxide

@ Springer

nanosheets. The fabricated metal oxide nanosheet membranes
exhibited relatively large thicknesses of over 500 nm, leading
to a decline in the water permeance [34]. A layer-by-layer
(LBL) deposition strategy is a relatively cost-effective tech-
nique for the fabrication of multi-layer metal-oxide nanosheet
thin films with nanometer-scale thicknesses, where charged
nanosheet membrane thickness can be obtained by controlling
the number of sequential adsorption steps [35]. However, this
process has not been used to fabricate the porous membranes
of metal oxide nanosheets.

It is well known that a good NF or RO membrane should
have a high water permeance, selectively rejection rate,
applicable in basic, acidic, or other harsh environments [36].
It is predicted that if a nanoporous metal oxide nanosheet
were available, high-performance nanoporous membranes
could be obtained by stacking the nanoporous nanosheets.
However, to the best of our knowledge, such nanoporous
metal oxide nanosheets and their nanoporous membranes
have not been reported yet. Layered titanate with a lepi-
docrocite-like structure H, (;Ti, 730,-nH,0 (HTO) exhibits
excellent ion-exchange properties, good chemical stability,
and hydrophilicity, which could be easily exfoliated into
nanosheets by intercalation of an organic amine into the
interlayer space. This provides potential applications for
nanomaterials and as a precursor for the soft chemical syn-
theses of functional nanomaterials [37].

Herein, we describe a facile and unique approach to
fabricate nanoporous membrane using nanoporous HTO
nanosheets, as shown in Fig. 1. A soft chemical process was
designed for the synthesis of the nanoporous layered titan-
ate nanosheets, including the synthesis of mesocrystalline
BaTiO,/HTO (BT/HTO) nanocomposites, by partially trans-
forming HTO into BT nanoparticles, selectively removing
BT nanoparticles in the BT/HTO nanocomposite by an acid
treatment to obtain nanoporous HTO particles, and exfoli-
ating the nanoporous HTO particles into nanoporous HTO
nanosheets with a thickness of 1 nm per layer. Furthermore,
we fabricated a nanoporous HTO nanosheet membrane for
water treatment and filtration by restacking the exfoliated
nanoporous HTO nanosheets. For the first time, we devel-
oped a smart and effective process, namely, a self-adjusting
membrane thickness process (SAMTP), for the fabrication
of nanoporous membranes. The results of the size rejection
measurements indicated that the nanoporous HTO nanosheet
membranes fabricated by this SAMTP possessed uniform
size-controlled nanopores in a range of 1.5-100 nm, uniform
nanometer-scale thicknesses, excellent hydrophilicity, high
water permeance, and good durability. These membranes can
be applied as excellent low energy—consuming nanoporous
membranes for water treatment and molecule separation.
These nanoporous HTO nanosheet membranes could usher
in a new era of inorganic nanoporous membrane materials.
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Fig. 1 a Schematic illustrations
of size exclusion separation
mechanism of nanoporous HTO
membrane and b fabrication
process of nanoporous HTO
membrane for efficient molecu-
lar separation

Layered H, y;Ti; 1,0,
(HTO) precusor

2 Experimental

2.1 Preparation of nanoporous layered titanate
H, o;Ti; 730,-nH,0 (HTO) particles and BT/HTO
nanocomposites

The layered titanate H, 4;Ti; 130,-nH,0 (HTO) pow-
der precursor was prepared by the acid treatment of
Ky sTi; 5Li, ,;0, (KTLO) powder that was synthesized by
the hydrothermal process, as reported in our previous study
[38]. The X-ray diffraction (XRD) patterns and scanning
electron microscopy (SEM) images of the KTLO and HTO
are shown in Figs. S1 and S2, respectively. Both KTLO and
HTO possessed typical platelike particle morphologies. In
the synthesis process of the BaTiOs/H, (,Ti; 730,-nH,0
(BT/HTO) nanocomposite, the HTO precursor (0.165 g)
and a desired amount of Ba(OH),-8H,0 were solvother-
mally treated in 30 mL of different solvents under continu-
ous stirring conditions at a desired temperature for 12 h.
Water, a water—ethanol mixture (volume ratio=1:1), and
ethanol were used as solvents. Subsequently, the obtained
samples were washed with distilled water and dried at room
temperature (RT) to obtain the BT/HTO nanocomposites.
The synthesized BT/HTO samples were designated as BT/
HTO-X-Y-Z, where X, Y, and Z represent the Ba/Ti mole
ratio (0.4, 0.5 and 0.75), reaction temperature (80, 100 and
125 °C), and solvent (water: W, water—ethanol: W/E, and
ethanol: E) in the reaction system, respectively. To obtain
the nanoporous HTO (P-HTO) particles, a synthesized BT/

Solvothermal reaction
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Ba(OH),
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BaTiO;/HTO*~
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HTO-X-Y-Z sample (0.5 g) was treated in an HCI solution
(100 mL) with a desired concentration under stirring at RT
for 12 h to dissolve BT nanocrystals in the BT/HTO sam-
ple. After washing with distilled water and drying at RT,
the P-HTO samples were obtained, which were labeled as
P-HTO-X-Y-Z.

2.2 Preparations of HTO nanosheets and P-HTO
nanosheet solutions

A layered HTO or P-HTO sample (1 g) was exfoliated in a
0.016 mol-L~! tetrabutylammonium hydroxide (TBAOH)
solution (200 mL) while stirring at RT for a desired time.
After resting for at least 1 week, the supernatant colloi-
dal solution was used as the HTO or P-HTO nanosheet
solution. The obtained HTO and P-HTO nanosheets were
named HTO-NS and P-HTO-NS-X-Y-Z, respectively.

2.3 Fabrication of HTO and P-HTO nanosheet
membranes

A hydrophilic polytetrafluoroethylene (PTFE) membrane
filter JGWP04700 Millipore Membrane Filter, pore size:
0.20 um) was chosen as the porous substrate for the fabrica-
tion of the nanosheet membrane owing to its high mechani-
cal strength. The PTFE porous substrate was ultrasonically
cleaned in a 50% ethanol solution for 1 h to remove organics
adsorbed on the surface before use. The nanosheet mem-
brane was fabricated by depositing the nanosheets on the
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surface of the PTFE porous substrate via a self-adjusting
membrane thickness process (SAMTP), as illustrated in
Scheme 1A. Briefly, the PTFE porous substrate was clamped
in the middle of a home-made glass U-tube cell with an
inner diameter of 10 mm and an effective area of 0.785 cm =2
for water transport. The exfoliated nanosheet solution and
an electrolytic solution (CaCl,, NaCl, or HNO;) were filled
with equivalent volumes (20 mL) in the two compartments
of the glass U-tube cell. Then, the negatively charged
nanosheets could react with cations of the electrolyte solu-
tion on the surface of the porous PTFE substrate to form a
nanosheet membrane. During the fabrication process, the
nanosheet solution compartment side was stirred to ensure
the homogeneous reaction near the surface of the porous
PTFE substrate. The fabricated HTO and P-HTO nanosheet
membranes were named M-HTO and M-P-HTO-X-Y-Z,
respectively.

2.4 Measurement of salt rejection and water
permeance

A home-made glass U-tube cell with an inner diameter of
10 mm separated by nanosheet membrane was used to verify
the salt rejection and water-flux performances of the fabricated
nanosheet membranes, as depicted in Scheme 1B. Distilled
water (20 mL) and a 0.5 mol-L~! NaCl solution (20 mL) were
added to either compartment of the U-tube cell. After 12 h, the
NaCl concentration on the distilled water side was measured
using an ion conductivity meter (East Asian DKK CM-41X).
The salt rejection efficiency R (%) was calculated as follows:

Cy—-C,
R= x 100% (1)
CO

where C, is the initial concentration of the NaCl solution,
and C, is the NaCl concentration on the distilled water side
after 12 h.

To measurement the water flux for an NaCl solution, a
0.5 mol-L~! NaCl solution (20 mL) was added on one com-
partment of the U-tube cell, and the other compartment was

Scheme 1 A Self-adjusting

membrane thickness process
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empty. After a desired time (z, h), the volume (V, L) of water
that had passed through the nanosheet membrane was meas-
ured on the empty side. The water flux J (L/m~%h~!) was
calculated using as follows:
Vv
" Axi @
where A is effective membrane area (m?).

The rejection efficiencies for methylene blue (MB) and
polydopamine (PD) and the water fluxes for MB and PD solu-
tions were measured by a similar method to that used for the
NaCl solution with 100-ppm MB and 500-ppm PD solutions,
respectively. The concentrations of the MB and PD solutions
were determined using ultraviolet—visible (UV-vis) spectros-
copy. The PD solution was prepared as follows: 1 mL of Tris
HCI (pH=8.5) was added into 99 mL of distilled water. Next,
50 mg of 3-hydroxytyramine hydrochloride (>98%) was dis-
solved in 99 mL of Tris HCl solution and stirred for 5 min at
ambient temperature to obtain a light brown homogeneous PD
solution. The particle size of PD was measured using a zeta
potential and particle size analyzer (Photal ELSZ-2 KG).

2.5 Physical property characterization

The crystal phases of the powder samples were investi-
gated using a powder X-ray diffractometer (Shimadzu,
XRD-6100) with Cu Ka (4=0.15418 nm) radiation. The
particle morphologies were observed using field-emission
scanning electron microscopy (FE-SEM, Hitachi, S-900).
Transmission electron microscopy (TEM) observations and
selected-area electron diffraction (SAED) were performed
on a JEOL Model JEM-3010 system at 300 kV, and the sam-
ples were supported on a Cu microgrid. Raman spectra were
collected using a Renishaw InVia Raman microscope with
a laser operating at 532 nm. The laser power at the sample
was estimated to be 1%, and the nominal laser spot size was
10 pm. The Brunauer—Emmett—Teller (BET) surface areas
were measured using a computer-controlled automatic gas
sorption system (Quantachrome NOVA 4200e), and the
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samples were degassed at 573 K (300 °C) for 2 h before the
measurements. The hydrophilicity of the membranes was
characterized using an automatic water contact angle meter
(CA-VP, FACE, Kyowa Interface Science, Japan). A mem-
brane sample with a diameter of 25 mm was attached onto a
glass slide, and 3.0 pL of distilled water was dropped onto
the air-side surface of the membrane at room temperature.
At least five measurement results were averaged to obtain
an average value.

3 Results and discussion
3.1 Synthesis of BT/HTO nanocomposite

Layered titanate H, o, Ti, 130,-nH,0 (HTO) crystals with
lepidocrocite-like (y-FeOOH) layered structures were used
as the precursor to prepare nanoporous HTO nanosheets by
a soft chemical process. First, a BaTiO;/HTO (BT/HTO)
nanocomposite was prepared by solvothermal treatment of
the HTO precursor in a Ba(OH), solution. Figure 2A pre-
sents the XRD patterns of the HTO precursor and the BT/

HTO nanocomposites obtained by solvothermal treatments
of HTO crystals in Ba(OH), solutions with a Ba/Ti molar
ratio of 0.5 in water (W), water—ethanol (W/E), and etha-
nol (E) solvents at 125 °C for 12 h. The HTO sample pro-
duced an XRD pattern of the lepidocrocite-like (y-FeOOH)
layered orthorhombic structure with a basal spacing of
0.92 nm (Fig. 2A(a)). After the solvothermal reaction in a
Ba(OH), solution, except for the unreacted HTO phase, the
formation of the cubic BT phase (JCPDS File No. 74—1964)
was observed in the water—ethanol and ethanol solvents
(Fig. 2A(c) and (d)). That indicated that the HTO precursor
was partially transformed into the BT phase. The diffrac-
tion peaks of the BT phase were not observed clearly in the
sample prepared in the water solvent, whereas the diffraction
peak intensity of the HTO phase decreased, suggesting the
formation of the BT phase with a low crystallinity or amor-
phous BT phase. BT/HTO-0.5-125-W/E exhibited a higher
intensity and smaller full width at half maximum (FWHM)
of the diffraction peaks of the BT phase than those of the
BT/HTO-0.5-125-E, suggesting that the number and crystal
sizes of BT nanocrystals were larger in this sample. The
basal spacing of the unreacted HTO layered phase decreased

Fig.2 A X-ray diffrac- A)
tion (XRD) patterns of (a) (

H, 7Ti, 750,-nH,0 (HTO) pre- ¢
cursor, (b) BT/HTO-0.5-125-W,

(¢) BT/HTO-0.5-125-W/E, and =

(d) BT/HTO-0.5-125-E nano- &
composites. B Raman spectra E:

of (a) HTO precursor, (b) BT/ =
HTO-0.5-125-W, (c) BT/HTO- g ®)
0.5-125-W/E, (d) BT/HTO- S e

0.5-125-E, and (e) BT samples.
C Field-emission scanning (2)
electron microscopy (FE-SEM)
images of (a, b) HTO precur-

sor, (¢, d) BT/HTO-0.5-125-W,
(e, f) BT/HTO-0.5-125-W/E,
and (g, h) BT/HTO-0.5-125-E
nanocomposites
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slightly from 0.92 nm of the HTO precursor to 0.90 nm,
illustrating that the H;O" ions were exchanged by Ba** ions
in the interlayer spaces of the HTO precursor. This result
verified the insertion of Ba>* into the interlayer spaces in
the BT/HTO nanocomposite formation process.

The above results showed that the solvent was one of
the significant factors affecting the BT formation reaction.
The reactivity of Ba(OH), and HTO had a strong correla-
tion with the polarity of the reaction solvent and Ba(OH),
concentration. In the water—ethanol (W/E) mixed solvent
system, the polarity of the solvent increased with increasing
water content. Generally, the increase in the solvent polar-
ity will enhance the reactivity between Ba(OH), and the
HTO precursor, which promotes the formation of the BT
phase. Therefore, the water—ethanol mixed solvent exhib-
ited a higher reactivity for the formation of the BT phase
than the ethanol solvent. However, the increase in the sol-
vent polarity also resulted in the increase in the solubility
of Ba(OH),. The lower reactivity in the water solvent than
that in water—ethanol mixed solvent can be explained by
the higher solubility of Ba(OH), in water and the small
amount of Ba(OH), added in the reaction system. In the
solvothermal reaction system, Ba(OH), needed to arrive at
an equilibrium concentration for the formation reaction of
the BT phase, which consumed some of the Ba(OH),. The
consumed amount of Ba(OH), increased as its solubility
increased, which reduced the reactivity when the amount of
reactant added was small.

Raman spectroscopy was also employed to confirm the
formation of the BT phase in the BT/HTO nanocompos-
ites, since it is an effective technique to investigate the for-
mation of BT nanocrystals. The HTO precursor exhibited
main vibration bands at around 270, 450, 643, and 712 cm ™!,
which were assigned to the A1(270) bending vibrations of
Ti—OH, asymmetric stretching vibrations of Ti—O-Ti, Ti-O
stretching vibrations of TiO, octahedra, and symmetric
stretching vibrations of Ti—O-Ti, respectively (Fig. 2B(a))
[39-41]. In addition to the vibration bands of the HTO pre-
cursor, the BT phase exhibited a specific vibration band
at around 880 cm™! (Fig. 2B(e)). This vibration band was
assigned to the Ti—O-Ba stretching vibrations of the cubic
BT phase caused by the binding of Ba>* to the TiOg octa-
hedra [42-44]. The vibration band at around 880 cm™'
was observed in all three BT/HTO-0.5-125-Z samples
(Fig. 2B(b)—(d)), indicating the formation of the BT phase
in these samples. Although the diffraction peaks of BT were
not observed in the XRD pattern of BT/HTO-0.5-125-W
(Fig. 2A(b)), the Raman spectrum revealed the formation of
the BT phase in this sample. The result indicated that Raman
spectroscopy was effective for detecting the formation of the
amorphous or low-crystallinity BT phase.

The FE-SEM images of the HTO precursor and BT/
HTO nanocomposites obtained by solvothermal treatment
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at 125 °C and Ba/Ti molar ratio of 0.5 are shown in Fig. 2C.
The BT/HTO nanocomposites possessed similar platelike
particle morphologies to those of the HTO precursors, where
the particles had widths of about 1 pm, lengths of about
3 pm, and thicknesses of about 200 nm (Fig. 2C(a) and (b)).
Numerous nanoparticles with sizes of about 30-40 nm was
observed clearly in the platelike particles of the BT/HTO-
0.5-125-W/E (Fig. 2C(f)), which could be indexed to the
BT phase, namely, the formation of the BT/HTO nanocom-
posite. BT nanoparticles were not observed clearly in the
BT/HTO-0.5-125-E (Fig. 2C(h)) and BT/HTO-0.5-125-W
(Fig. 2C(d)) because their particle sizes were too small.
The FE-SEM results were consistent with those of the XRD
patterns and Raman spectra, confirming the formation of a
low-crystallinity or amorphous BT phase in the BT/HTO-
0.5-125-W and BT/HTO-0.5-125-E samples.

To control the BT particle size in the BT/HTO nanocom-
posite, BT/HTO nanocomposites were synthesized at different
solvothermal reaction temperatures. Figures S3 and S4 display
the XRD patterns of the products prepared with a Ba/Ti molar
ratio of 0.5 in different solvents at 100 and 80 °C. Similar to
the case of the reaction at 125 °C, the water—ethanol mixed
solvent also exhibited the highest reactivity for the formation
of the BT phase at 100 and 80 °C. The formation of the BT
phase decreased upon decreasing the solvothermal reaction
temperature from 125 to 80 °C. This result implied that the
formation of the BT phase was also dependent on the solvo-
thermal reaction temperature. From FE-SEM images, all the
BT/HTO nanocomposites retained the platelike particle mor-
phology of the HTO precursor after solvothermal treatment at
100 and 80 °C (Fig. S5). The results further suggested that the
BT nanoparticles in the plate-like BT/HTO nanocomposites
were formed by a topochemical reaction.

To investigate the influence of the Ba/Ti molar ratio in
the solvothermal reaction system on the formation of the
BT/HTO nanocomposite, the BT/HTO nanocomposites were
also synthesized at Ba/Ti molar ratios of 0.4 and 0.75 and at
125, 100, and 80 °C. Figures S6, S7, and S8 show the XRD
patterns of the BT/HTO nanocomposites synthesized at the
Ba/Ti molar ratio of 0.4 at 125, 100, and 80 °C in different
solvents, respectively. The XRD patterns of the specimens
synthesized at the Ba/Ti molar ratio of 0.75 at 125, 100, and
80 °C are shown in Figs. S10, S11, and S12, respectively.
The water—ethanol mixed solvent also exhibited the highest
reactivity for the formation of the BT phase at Ba/Ti molar
ratios of 0.4 and 0.75 at 125, 100, and 80 °C. The formation
of the BT phase increased with an increasing Ba/Ti molar
ratio in the reaction system. At the Ba/Ti molar ratio of 0.4
in different mixed solvent, no BT peaks were observed at
80 °C, even in the water—ethanol mixed solvent, illustrating
that the limiting temperature for the BT phase formation
was above 80 °C at a Ba/Ti molar ratio of 0.4 (Fig. S8c).
All these BT/HTO nanocomposites retained the platelike
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particle morphology of the HTO precursor, as shown in the
FE-SEM images (Figs. S9 and S13), suggesting that a topo-
chemical reaction occurred. The above results revealed that
particle size and amount of the BT phase in the BT/HTO
nanocomposite could be controlled by adjusting the solvo-
thermal reaction conditions, including the reaction tempera-
ture, solvent, and Ba/Ti molar ratio.

3.2 Preparation of P-HTO particles

Nanoporous HTO particles (P-HTO) were prepared by dis-
solution of the BT nanoparticles in the BT/HTO nanocom-
posites with an HCI solution. Figure 3A shows the XRD
patterns of the BT/HTO-0.5-125-W/E nanocomposite before
(Fig. 3A(a)) and after acid treatment in 1, 1.5, and 2 mol-L~!
HCI solutions for 12 h, respectively. After the acid treatment
in a 1 mol-L™' HCI solution (Fig. 3A(b)), the diffraction
peak intensity of the BT phase decreased greatly and small
amounts of BT residual, while the diffraction peak intensity
of the HTO phase increased. After the acid treatment in the
1.5 and 2 mol-L~! HCI solutions, diffraction peaks of the
BT phase disappeared completely, suggesting that the BT
phase could be dissolved completely in the HCI solution
with a concentration higher than 1.5 mol-L~! (Fig. 3A(c)).
After the acid treatment in the 2 mol-L™' HCI solution, in
addition to peaks of the HTO phase, a characteristic diffrac-
tion peak of anatase TiO, was also observed (Fig. 3A(d)).
Therefore, the dissolution reaction of BT in the HCI solution
was as follows:

BaTiO; 4+ 2H" — TiO, + Ba*" + H,0 3)

The above results revealed that BT nanocrystals pos-
sessed a higher solubility than that of HTO in the HCI solu-
tion, namely, BT was preferentially dissolved over HTO in
the HCI solution. This was a prerequisite for the formation
of P-HTO nanoparticles.

Figure 3B presents FE-SEM images of the BT/HTO-
0.5-125-W/E before and after acid treatment in the HCI
solutions. Many nanoparticles with sizes of 30-40 nm was
observed on the plate-like particle surface of the BT/HTO-
0.5-125-W/E before the acid treatment (Fig. 3B(a)). After
the acid treatment in the 1 mol-L~! HCI solution, some resid-
ual BT nanoparticles were observed at the edges of the plate-
like particles (Figs. 3B(b) and S14(a)). It is worth noting that
the BT nanoparticles disappeared completely and nanopores
were observed in the platelike particles after the acid treat-
ment with 1.5 mol-L™! HCI solution (Fig. 3B(c)). Except
for the nanopores, some anatase TiO, nanoparticles were
observed on the plate-like particle surface after 2 mol-L™!
HCI solution etching (Figs. 3B(d) and S14(b)). Moreover,
the thickness of BT/HTO plate-like particles decreased
slightly after the acid treatment due to the dissolution of
BT nanocrystals. The results revealed that the dissolution of
BT nanoparticles in the BT/HTO nanocomposite was also
a topochemical process, where the plate-like particle mor-
phology was well inherited, resulting in nanoporous HTO
plate-like particles. Therefore, the 1.5 mol-L~! HCI solu-
tion was the optimum condition to selectively remove BT
nanoparticles from the BT/HTO nanocomposite via the acid
treatment in the subsequent experiments.

Figure 4A shows the XRD patterns of the P-HTO-
0.5—-125-Z samples obtained by the acid treatment of the BT/
HTO-0.5-125-Z nanocomposites in a 1.5 mol-L~" HCl solu-
tion. As expected, all the P-HTO-0.5-125-Z samples exhib-
ited one set of diffraction peaks of HTO, implying that the
BT phase was removed completely from the BT/HTO nano-
composites by the acid treatment. The dissolution of the BT
nanoparticles from the BT/HTO nanocomposites could be
confirmed also by the Raman spectrum, as shown in Fig. 4B.
The vibration band at around 880 cm™!, corresponding to the
Ti—O-Ba stretching vibrations of the cubic BT phase, disap-
peared after the acid treatment of the BT/HTO-0.5-125-Z

Fig.3 A XRD patterns and
B FE-SEM images of (a) BT/ (A)
HTO-0.5-125-W/E nanocom-
posite and P-HTO-0.5-125-W/E
samples after acid treatment
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Fig.4 A XRD patterns and B

Raman spectra of (a) HTO pre- (A)
cursor, (b) P-HTO-0.5-125-W,
(c) P-HTO-0.5-125-W/E, and @ |

(d) P-HTO-0.5-125-E particles
obtained by acid treatment of
BT/HTO-0.5-125-Z nanocom-

posites in 1.5 mol-L~! HCI
solution. C FE-SEM images
of (a) P-HTO-0.5-125-W, (b)
P-HTO-0.5-125-W/E, and (c)
P-HTO-0.5-125-E particles
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nanocomposites in a 1.5 mol-L~! HCI solution. The acid-
treated samples produced Raman spectra corresponding to
the HTO precursor. Furthermore, they maintained plate-like
particle morphologies similar to that of the HTO precursor,
as shown by the FE-SEM images (Fig. 4C). Nanopores were
observed in the P-HTO-0.5-125-W/E (Fig. 4C(b)) but not in
the P-HTO-0.5-125-W (Fig. 4C(a)) and P-HTO-0.5-125-E
(Fig. 4C(c)) due to their small pore sizes. The pore sizes
corresponded to the BT nanoparticle sizes in the BT/HTO-
0.5-125-Z nanocomposites (Fig. 2).

To further clarify the reaction mechanisms of the forma-
tions of the BT/HTO nanocomposite from the HTO pre-
cursor and the P-HTO from the BT/HTO nanocomposite,
nanostructure analyses on the BT/HTO nanocomposite
and P-HTO particles were carried out by employing TEM
and SAED. As shown in Fig. 5, the HTO precursor pos-
sessed a typical plate-like morphology with a smooth sur-
face and a single-crystalline SAED pattern (Fig. 5a and d).
The diffraction spots were assigned to the (002) and (200)
facets of the HTO precursor, respectively, revealing that
the platelike particles were vertical to the [010] zone-axis
(Z) of the orthorhombic system. The BT/HTO-0.5-125-
W/E nanocomposite inherited this platelike morphology.
Notably, there were many spherical nanoparticles with uni-
form sizes of about 30 nm anchored in the platelike BT/
HTO nanocomposite, which corresponded to the BT phase
(Fig. 5b). The BT/HTO nanocomposite exhibited two sets

@ Springer

of single-crystal-like SAED patterns simultaneously. One
was attributed to the perovskite BT phase and the other to
the layered HTO phase (Fig. 5e). The result indicated that
the HTO and BT phases coexisted in one platelike BT/HTO
particle and all of the BT nanocrystals had the same [110]
orientation direction, namely, the platelike particle was a
mesocrystalline BT/HTO nanocomposite. The uniform BT
nanoparticles were also observed in the platelike particles
of the BT/HTO-0.5-125-E nanocomposite (Fig. 5¢). How-
ever, the BT nanoparticle size (3—5 nm) was much smaller
than that of the BT/HTO-0.5-125-W/E. The SAED result
indicated that BT/HTO-0.5-125-E (Fig. 5f) was also a mes-
ocrystalline BT/HTO nanocomposite similar to the BT/
HTO-0.5-125-W/E. The results revealed that the BT nano-
particles in the nanocomposite formed by topochemical
reactions of the layered single crystalline HTO precursor.
TEM images and SAED patterns of the acid-treated
HTO and P-HTO are shown in Fig. 5g-1. The acid treated
HTO particle maintained the original morphology integ-
rity, smooth surface, and layered structure of the HTO pre-
cursor (Fig. 5g and j). Remarkably, the acid-treated BT/
HTO-0.5-125-W/E nanocomposite possessed a porous
platelike architecture, where uniform nanopores with aver-
age sizes of 30-40 nm were observed clearly (Fig. 5Sh). The
acid-treated nanocomposite produced the single-crystalline
SAED pattern of HTO (Fig. 5k). This indicated the forma-
tion of P-HTO single-crystalline platelike particles. The BT
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Fig.5 a, b, c, g, h, i Trans-
mission electron microscopy
(TEM) images and d, e, f, j,

Kk, 1 selected-area electron dif-
fraction (SAED) patterns of a,
d HTO precursor, b, e BT/HTO-
0.5-125-W/E, ¢, f BT/HTO-
0.5-125-E, g, j 1.5 mol-.L"! HCI
acid-treated HTO, h, k P-HTO-
0.5-125-W/E, and i, 1 P-HTO-
0.5-125-E particles

HTO
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nanoparticles in the BT/HTO-0.5-125-E nanocomposite
were also removed completely by the HCI acid treatment.
The P-HTO-0.5-125-E nanocomposite exhibited a porous
structural morphology with a homogeneous pore size of
about 5-8 nm (Fig. 5i), which corresponded to the BT nan-
oparticle size in the BT/HTO nanocomposite. As expected,
the corresponding SAED pattern in Fig. 51 showed the
same single-crystalline diffraction pattern as the HTO pre-
cursor. Based on the above results, it was concluded that
platelike single-crystalline particles of nanoporous HTO
could be obtained by selectively dissolving BT nanopar-
ticles in the mesocrystalline BT/HTO nanocomposites by
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the acid etching of an HCI solution, and the BT dissolution
process was also a topochemical reaction.

The BT/HTO nanocomposites synthesized under other
solvothermal conditions, including different temperatures
(125, 100, and 80 °C) and different Ba/Ti molar ratios (0.4,
0.5, and 0.75), were acid-treated with a 1.5 mol-L~' HCl
solution to prepare nanoporous HTO samples. The XRD
results revealed that the BT nanoparticles in these BT/HTO
nanocomposites could be removed completely by the acid
treatment, like the case of the BT/HTO-0.5-125-Z sam-
ples (Figs. S15-S22). The FE-SEM results indicated that
the various acid-treated particles retained intact platelike
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particle morphologies, resulting in platelike HTO particles
with nanoporous morphologies (Figs. S23—S25). The pore
size in the P-HTO corresponded to the sizes of the BT nano-
particles in the BT/HTO nanocomposites, which decreased
with decreasing solvothermal reaction temperature from 125
to 80 °C for the synthesis of the BT/HTO nanocomposite.
The aperture rate of the P-HTO corresponded to the number
of BT nanoparticles formed in the BT/HTO nanocomposite,
which increased with increasing Ba/Ti molar ratio from 0.4
to 0.75 in the solvothermal reaction system for the synthe-
sis of the nanocomposite. The results further verified that
the dissolution reaction of the BT nanoparticles by the acid
treatment was a topochemical process. Therefore, the pore
sizes in the P-HTO particles could be facilely controlled by
a solvothermal reaction temperature and the reaction solvent,
while the aperture rate could be controlled by the molar ratio
of Ba/Ti in the solvothermal reaction system.

The nanoporous structure of the P-HTO was further
investigated by surface area measurements. The BET sur-
face area results of the HTO precursor, BT/HTO-0.5-125-Z
nanocomposites, and P-HTO-0.5-125-Z samples are sum-
marized in Table 1. The HTO precursor possessed a BET
surface area of 20.1 m*g~!, while the BT/HTO nanocom-
posites possessed slightly lower surface areas. However,
the BET surface areas were 32.0, 29.3, and 48.6 mz-g_l for
the P-HTO-0.5-125-W, P-HTO-0.5-125-W/E, and P-HTO-
0.5-125-E samples, respectively, which were larger than
those of the non-porous HTO precursor and BT/HTO nano-
composites. The increased surface area for the P-HTO was
attributed to the formation of the nanopores in the plate-
like particles. The largest BET surface area of the P-HTO-
0.5-125-E may be due to the formation of the smallest nano-
pores in the P-HTO-0.5-125-W/E.

3.3 Exfoliation reaction of P-HTO particles to P-HTO
nanosheets (P-HTO-NS)

It has been reported that layered HTO can be exfoliated to
nanosheets by intercalating organic amines into the inter-
layer spaces [45]. Therefore, supposing the nanoporous HTO

Table 1 Surface area measurement results of HTO, BT/HTO-0.5—
125-Z, and P-HTO-0.5-125-Z

Sample BET surface area  Change of
(m*/g) surface area (%)

HTO 20.1 0
BT/HTO-125-W 16.2 —19.4%
BT/HTO-125-W/E 19.3 —4.0%
BT/HTO-125-E 19.1 -5.0%
P-HTO-0.5-125-W 32.0 59.2%
P-HTO-0.5-125-W/E 29.3 45.8%
P-HTO-0.5-125-E 48.6 141.8%
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(P-HTO) sample could be exfoliated to nanosheets, nanopo-
rous HTO nanosheets (P-HTO-NS) could be obtained. We
prepared P-HTO-NS by the exfoliation of P-HTO particles.
When the P-HTO particles were treated in a TBAOH solu-
tion, a colloidal suspension was formed, which exhibited a
Tyndall phenomenon, as shown in Fig. S26. This suggested
that exfoliation of the layered structure of the P-HTO to its
nanosheets occurred by intercalating TBA™ ions into the
interlayer spaces, similar to process for normal non-porous
HTO particles. The colloidal suspension showed good stabil-
ity, being stable at RT for more than several months.

Figure 6 shows the TEM images of the exfoliated P-HTO-
NS-0.5-125-Z nanosheets. The P-HTO-NS possessed a
nanoporous nanosheet-like architecture with a uniform
pore size. The results confirmed that the layered structure
of the P-HTO was successfully exfoliated to the P-HTO-
NS in the TBAOH solution. The pore sizes of the P-HTO-
NS-0.5-125-W, P-HTO-NS-0.5-125-W/E, and P-HTO-
NS-0.5-125-E nanosheets were about 25-30, 40-50, and
5-10 nm, respectively, which corresponded to the pore sizes
in the P-HTO particles as well as the BT particle sizes in the
BT/HTO nanocomposites. The aperture rate of the P-HTO-
NS decreased with decreasing solvothermal reaction tem-
perature for the synthesis of the BT/HTO nanocomposites
(Fig. S27). The lower solvothermal reaction temperature
resulted in a less uniform pore size. The BT/HTO nanocom-
posite synthesized in the ethanol solvent yielded the mini-
mum, uniform pore size. The pore sizes of the nanosheets
were dependent on the solvothermal synthesis conditions of
the BT/HTO nanocomposite.

3.4 Formation mechanism of P-HTO-NS

Based on the demonstrated results, the formation mecha-
nism for the P-HTO-NS is proposed, as schematically
illustrated in Fig. 1. In the Ba(OH), solution, first, Ba**
ions intercalated into the interlayer spaces of the layered
structure of the HTO particles and further reacted par-
tially with the TiO4 octahedral layers to form BT nano-
particles inside the platelike particles of HTO under sol-
vothermal conditions. The solvothermal reaction resulted
in the formation of the mesocrystalline BT/HTO nano-
composite, where BT nanoparticles were anchored in the
platelike particles of HTO (Fig. 5b and c). All the BT
nanoparticles presented the same crystal-axis orientation
due to the BT nanoparticles being formed by an in situ
topochemical reaction [46, 47]. The topochemical reac-
tion maintained the platelike particle morphology and
resulted in a uniform particle size of the BT nanoparti-
cles in the platelike BT/HTO nanocomposites. When the
BT/HTO nanocomposite was treated in the HCI solution,
the H* ions intercalated into the HTO interlayer spaces
of the layered structure and sequentially reacted with the
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Fig.6 TEM images of P-HTO-
NS. a P-HTO-NS-125-W. b
P-HTO-NS-125-W/E. ¢ P-HTO-
NS-125-E

BT nanoparticles. The BT nanoparticles were selectively
dissolved by the acid treatment because of the higher
solubility of BT nanoparticles than that of HTO in the
HCI solution. The topochemical dissolution of the BT
nanoparticles in the platelike particles of the BT/HTO
nanocomposite resulted in the nanoporous platelike par-
ticle morphology of the HTO. Therefore, the pore sizes
in the P-HTO platelike particles were dependent on the
sizes of the formed BT nanoparticles.

In the exfoliation reaction of the P-HTO particles,
TBA™ ions intercalated into the interlayer space of
the layered structure by an ion-exchange reaction with
H* ions. The TBA* intercalation reaction caused the
increased basal spacing of the HTO layered structure.
Meanwhile, a large amount of water entered the interlayer
space, forming a swollen phase. Finally, P-HTO parti-
cles were exfoliated into the P-HTO-NS. This reaction
revealed that the pore sizes of the P-HTO-NS were the
same as those of the P-HTO platelike particles, which
corresponded to the sizes of BT nanoparticles in the BT/
HTO nanocomposite. Thus, the pore size was controllable
by controlling the size of the synthesized BT nanoparti-
cles. Moreover, the BT nanoparticle size in the BT/HTO

Fig.7 Schematic illustration
of self-adjusting membrane
thickness process (SAMTP) for
fabrication of M-P-HTO

Porous HTO nano)sheets

(P-HTO-NS

JNS-0.5-125-W/E|

nanocomposite could be adjusted by the solvothermal
reaction conditions, including the reaction solvent, tem-
perature, and Ba/Ti ratio in the reaction system.

3.5 Fabrication of nanoporous HTO nanosheet
membrane (M-P-HTO)

The M-P-HTP was fabricated using the P-HTO-NS to dem-
onstrate its potential application. It was reported that the
layered titanate nanosheet film could be fabricated by an
LBL nanosheet restacking process [48]. However, the oper-
ation procedure of the LBL nanosheet restacking process
was complicated. In the present study, we designed a smart
and efficient process for the fabrication of nanosheet mem-
branes on a porous substrate, as illustrated in Scheme 1A
and Fig. 7. In this procedure, the electrolyte solution can
pass through the porous PTFE substrate. Subsequently, the
cations of electrolyte solution react with negatively charged
P-HTO nanosheets, resulting in formation of the nanosheet
membrane by restacking P-HTO-NS on the PTFE substrate
surface. The restacked P-HTO nanosheets on the PTFE
substrate surface blocks the passage of the electrolyte solu-
tion through the PTFE substrate to the nanosheet solution,

Nanopor!)us HTO
nanosheets membrane

Restacking

Porous HTO membrane
M-P-HTO
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which terminates the restacking reaction of the nanosheets
on the PTFE substrate surface. Thus, during formation
process of nanosheet membrane the restacking reaction of
the nanosheets occurs mainly on the PTFE substrate sur-
face without the deposited nanosheets where the electro-
lyte solution can pass through the PTFE substrate. When
the PTFE substrate surface was covered completely by the
nanosheets, the passing of the electrolyte solution through
the PTFE substrate is stopped, resulting ceasing the restack-
ing reaction of the nanosheets. Therefore, the nanosheets
are deposited equally on the PTFE substrate surface, and
finally, a nanosheet membrane with a uniform thickness can
be formed, which is a SAMTP.

To confirm the effectiveness of the SAMTP, first, the
M-P-HTO was fabricated by using a non-porous HTO
nanosheet solution and electrolyte solutions of HNO;, CaCl,,
and NaCl. A Merck Millipore PTFE membrane substrate
was employed as the porous substrate (supporting mem-
brane) due to its high hydrophilicity and chemical stability,
as well as its excellent mechanical strength [49]. Figure 8A
shows the FE-SEM images of the surfaces of the supporting
membrane (Fig. 8A(a)) and the HTO membrane deposited
on the supporting membrane using the CaCl, electrolyte
solution (Fig. 8 A(b)). After depositing HTO nanosheets
on the supporting membrane, a uniform thin film with a
thickness of about 50 nm was formed (Fig. S28). A nearly

Fig.8 A FE-SEM images of
(a) polytetrafluoroethylene
(PTFE) substrate surface and
(b) M-HTO membrane surface
(inset images are their photo-
graphs). B Water contact angles
(WCAs) of PTFE substrate and
M-HTO membrane. C Depend-
ence of NaCl permeance on
restacking time of non-porous
HTO nanosheet membranes
fabricated using different elec-
trolyte solutions

(A) (a) PTFE substrate

transparent thin film without visible defects is evident in the
photograph (inset in Fig. 8 A(b)). The supporting membrane
exhibited a static water contact angle (WCA) of 50.3°. After
depositing the HTO nanosheets on the surface, the WCA
decreased to 35.6° due to the excellent hydrophilicity of the
HTO nanosheet membrane (Fig. 8B), suggesting an exten-
sive application potential in water treatment [50]. The above
results demonstrated the effectiveness of the SAMTP for the
fabrication of M-P-HTO on a porous substrate.

To study the influence of the electrolyte solution on the
formation of the HTO membrane, various kinds of electro-
lyte solutions were used to fabricate the HTO membranes.
Figure 8C illustrates the dependences of the NaCl perme-
ance on the HTO nanosheet deposition time in the SAMTP
for the HTO membranes fabricated using 0.2 mol-L™!
CaCl,, 0.2 mol-L ™! NaCl and 0.5 mol-L~! HNO; solutions.
When the HNOj; solution was used, the NaCl permeance
decreased with increasing HTO nanosheet deposition time
and reached a constant value after 4 h of deposition, sug-
gesting that almost all the pores of the supporting membrane
were covered by HTO nanosheets after deposition treatment.
The HTO membranes fabricated using the CaCl, and NaCl
solutions exhibited similar behaviors to those fabricated
using the HNOj; solution. However, the HTO membrane fab-
ricated using the CaCl, solution exhibited the lowest NaCl
permeance, i.e., the highest NaCl rejection performance, of

(b) M-HTO

Pristine PTFE
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the three kinds of electrolyte solutions. This was ascribed
to the stronger binding between divalent cations of Ca®*
and negatively charged HTO nanosheets in the restacking
process of the HTO nanosheets than those of monovalent
cations of Na* and H* in the process of depositing the HTO
membrane on the surface of the supporting membrane [51].
Therefore, the optimized conditions for the fabrication of the
HTO membrane were 4 h of deposition with a 0.2 mol-L ™!
CaCl, solution, which was employed for the subsequent
nanosheet membrane fabrication.

The M-P-HTO was fabricated using the nanoporous HTO
nanosheets obtained by the SAMTP with a CaCl, solution.
Figure 9a, c, and e show the FE-SEM images and WCAs
of the M-P-HTO nanosheet membranes fabricated using
the P-HTO-0.5-125-Z nanosheet solution. The fabricated
nanoporous membranes possessed an architecture with a
uniform thickness without evident cracking, implying that
the P-HTO-NS was deposited successfully on the support-
ing membrane by the SAMTP. The WCAs were 36.2° for
the M-P-HTO-0.5-125-W, 34.8° for the M-P-HTO-0.5-125-
W/E, and 35.7° for the M-P-HTO-0.5-125-E membranes,
which were similar to that of the non-porous HTO nanosheet
membrane and smaller than that of the supporting mem-
brane (Fig. 8B). Thus, the M-P-HTO possessed excellent
hydrophilicity. Figure 9b, d, and f depict the cross-sectional
images of the M-P-HTO-0.5-125-W, M-P-HTO-0.5-125-
WI/E, and M-P-HTO-0.5-125-E membranes, respectively.
The thicknesses of all of the fabricated M-P-HTO mem-
branes were nearly 50 nm, which were the same as those of
the non-porous HTO membranes (Fig. S28). The uniform

Fig.9 FE-SEM images

of a, ¢, e surfaces and b,

d, f cross-sections of a, b
M-P-HTO-0.5-125-W, ¢, d
M-P-HTO-0.5-125-W/E, and
e, f M-P-HTO-0.5-125-E
membranes. The corresponding
WCAs are shown in insets of
surface images

nanometer-scale thickness of M-P-HTO could guarantee a
high water permeance and separation performance.

To investigate the porosity and pore size of the M-P-HTO,
the rejection efficiencies were evaluated using NaCl, methyl-
ene blue (MB), and polydopamine (PD) solutions, as shown in
Fig. 10. These solutions contained solutes with different sizes.
The solute sizes were about 0.7 nm for Na* ions, 1.5 nm for
MB molecules, and 100 nm for PD particles, respectively [52,
53]. The average particle size of the PD was evaluated from
the particle size distribution, as displayed in Fig. S29. As illus-
trated in Fig. 10, the non-porous HTO nanosheet membrane
(M-HTO, Fig. 10a) exhibited very high rejection efficiencies
for PD (>99%), MB (92%), and NaCl (88%), suggesting that
almost all the pores of the supporting membrane were blocked
by the non-porous HTO nanosheets. The rejection efficiency
decreased slightly in the order of PD > MB > NaCl, which cor-
responded to the decreasing order of the sizes of the solutes.
This result suggested that there were a handful of very small
pores in the M-HTO.

The pore size of the M-P-HTO corresponded to the pore
size of P-HTO-NS used in the membrane fabrication pro-
cess. The M-P-HTO-0.5-125-E membrane possessed the
smallest pore size (Fig. 10b). PD could not pass through the
pores, and only a small amount of MB could pass through.
However, the small ions of the NaCl solution could pass
through the pores. The rejection efficiencies for PD, MB,
and NaCl were 95%, 82%, and 67% at 12 h, respectively.
Only a small amount of PD could pass through the M-P-
HTO-0.5-125-W and M-P-HTO-0.5-125-W/E mem-
branes. However, MB and NaCl could pass through these
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Fig. 10 NaCl, methylene blue
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two kinds of nanoporous membranes. At 12 h, the rejec-
tion efficiencies for PD, MB, and NaCl were 83%, 72%,
and 55% for M-P-HTO-0.5-125-W (Fig. 10c), respectively,
and the corresponding values for M-P-HTO-0.5-125-W/E
were 81%, 60%, and 45% (Fig. 10d). The rejection results
revealed that the pore sizes of the nanoporous membranes
were in the order of M-P-HTO-0.5-125-E < M-P-HTO-
0.5-125-W <M-P-HTO-0.5-125-W/E. The pore size of
M-P-HTO-0.5-125-E was close to the size of MB (1.5 nm).
The pore sizes of the M-P-HTO-0.5-125-W and M-P-HTO-
0.5-125-W/E nanocomposites were larger than MB (1.5 nm)
but smaller than PD (100 nm). Notably, the pore size of the
M-P-HTO exhibited a clear dependence on the pore size of
the P-HTO-NS, which corresponded to the BT particle size
in the BT/HTO nanocomposite. Thus, the pore size could
be controlled by the solvothermal synthesis conditions of
the BT/HTO nanocomposite. Furthermore, the results also
reveal that the uniform M-P-HTO could be fabricated by the
SAMTP. In this process, the pore sizes of the nanoporous
nanosheets were inherited by the nanoporous membranes.
We also explored the water-transport properties of the
fabricated HTO and nanoporous HTO membranes by the
measurement of the water permeance capacities of NaCl,
MB, and PD solutions, and the results are shown in Fig. S30.
After deposition of the non-porous HTO nanosheet on the
supporting membrane, the water flux through the mem-
brane decreased from 8.4 to 6.4 L/m>h for the NaCl solu-
tion. The water fluxes of the nanoporous HTO nanosheet
membranes were in the order of M-P-HTO-0.5-125-W/E (7.8
L/m?-h) > M-P-HTO-0.5-125-W (7.3 L/m?-h) > M-P-HTO-
0.5-125-E (6.7 L/m?-h) for NaCl solution, which were larger
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than those of the non-porous HTO nanosheet membrane (6.4
L/m>h) but smaller than those of the supporting membrane
(8.4 L/m*h), indicating that the nanoporous HTO nanosheets
possessed larger water permeance than those of the non-
porous HTO nanosheets. The water fluxes for the MB and
PD solutions were in the same order for NaCl solution: M-P-
HTO-0.5-125-W/E > M-P-HTO-0.5-125-W > M-P-HTO-
0.5-125-E > M-HTO, which was consistent with the aperture
rate of the nanoporous HTO nanosheets.

The solute size also affected the water flux, where the
water flux decreased with increasing solute size for all these
nanoporous HTO nanosheet membranes. Apparently, the
large solute molecules or ions inhibited the water molecules
from passing through the nanopores of the nanosheet mem-
branes. The above results further revealed that the nanopo-
rous HTO nanosheet membranes exhibited excellent water
permeance owing to their high hydrophilicity. Moreover,
the water flux was dependent on the aperture rates of the
nanoporous HTO nanosheets, which could be controlled
by the solvothermal synthesis conditions of the BT/HTO
nanocomposite.

The durability of the nanoporous HTO nanosheet mem-
branes was also evaluated because durability is essential for
their application as filtration materials. The FE-SEM images
of the nanoporous HTO nanosheet membranes after rejec-
tion and water flux measurements revealed that no cracks or
re-exfoliation were evident on the surfaces of the nanosheet
membranes (Fig. S31), demonstrating that the nanosheet
membranes with excellent mechanical strength and good
durability could be fabricated using the SAMTP proposed
in this work.
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4 Conclusions

The study demonstrated a soft chemical solvothermal pro-
cess for preparing nanoporous HTO platelike nanoparticles.
Nanoporous HTO nanosheets with uniform pore sizes were
prepared by exfoliation of the nanoporous HTO particles. A
self-adjusting membrane thickness process (SAMTP) was
designed to fabricate inorganic nanoporous membranes. The
nanoporous HTO membranes fabricated by the SAMTP pos-
sessed uniform self-adjusted thicknesses, excellent hydro-
philicity, high water fluxes, and good durability. The fabri-
cated nanoporous HTO nanosheet membranes feature a high
water permeance and good selectivity for separating solutes
with different size due to the high intrinsic hydrophilicity of
the inorganic titanate nanosheets and the facilely controlled
pore size in the membranes. In addition, this convenient and
low-cost inorganic membrane fabrication technique could
also be applied to other nanosheet membranes. Therefore,
this work would broaden the strategic vision for the fab-
rication of inorganic nanosheet membranes, which could
provide an excellent candidate for efficient water treatment
and small-molecule separation. Besides, we are still com-
mitted to optimize the solvothermal reaction conditions and
investigate membrane fabrication technique to improve the
membrane performance in our future study.
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