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A B S T R A C T

Ceramic nanofiltration (NF) membranes are of particular significance for molecular separations under harsh
conditions. However, they are usually manufactured by the sol-gel process which frequently suffers from low
efficiency and poor control in the membrane properties. Herein we demonstrate an efficient and more
controllable strategy to produce ceramic tubular NF membranes based on atomic layer deposition (ALD).
Tubular ceramic membranes with pore size of ~5 nm are used as the substrates, on which titanium alkoxide
(titanicone) is ALD-deposited. Subsequent calcination in air degrades the organic moieties in titanicone, thus
converting the dense layer of titanicone into a microporous layer of TiO2. This microporous TiO2 layer serves as
a thin separation layer delivering the NF size-sieving function. The thickness of the TiO2 layer can be readily
tuned by changing the ALD cycle numbers, and correspondingly the original substrate membranes are
progressively tightened with rising ALD cycles, and the membrane with 300 cycles exhibits a molecular-weight-
cut-off (MWCO) of ~680 Da and water permeability of 30 L m−2 h−1 bar−1. Such a water permeability is higher
than many other ceramic tubular membranes with similar MWCOs because of the ultrathin nature of the
microporous TiO2 layer established by titanicone deposition and calcination.

1. Introduction

Nanofiltration (NF) has become increasingly important in people's
daily life and also in industry for their expanding applications in
various fields, for instance, water softening and pharmaceutic synthesis
and purification. There are both polymeric and ceramic NF mem-
branes, and the latter are very much desired and sometimes even
irreplaceable in applications where high temperature, high pressure, or
aggressive solvents are involved because of their superiority in thermal,
chemical, and mechanical stability compared to their polymeric
counterparts [1–4]. Ceramic NF membranes are typically produced
through the sol-gel process, and very tight membranes with molecular
weights cut off (MWCO) as low as < 1000 Da have been successfully
fabricated through this technique [5–8]. However, the water perme-
ability of thus-produced NF membranes is often less than
10 L m−2 h−1 bar−1, severely limiting their productivity in their appli-
cations [9–11]. Recently, a TiO2-doped ZrO2 NF membrane with a
MWCO of ~500 Da and water permeability of 35–40 L m−2 h−1 bar−1

was fabricated by using a modified colloidal sol-gel process [12].
However, the sol-gel method for the preparation of NF membranes is
relatively tedious and less efficient as multiple rounds of time-

consuming coating and drying operations are required to form a tight
selective layer on the macroporous substrates. Moreover, due to the
nature of the sol-gel method, the thickness of the produced layer of
each coating round is typically larger than a few hundreds of
nanometers. As a result, the thickness of the coating layers and
consequently the MWCOs cannot be tuned in a precise and progressive
way.

In contrast to the liquid phase sol-gel process, atomic layer
deposition (ALD) based on self-limiting reactions taking place on the
gas-solid interfaces has emerged to be a highly precise technique for
the deposition of metal oxides on various substrates. ALD is capable of
depositing conformal and uniform layers with a predictable control in
the thickness of the deposition layers at the sub-angstrom level [13]. By
leveraging the extreme precision in the thickness control as well as the
high infiltrability of the vaporized precursors in ALD, we demonstrated
the capability and flexibility of ALD of metal oxides along the pore walls
in the progressively tuning pore sizes and surface properties and
subsequently the separation properties of a number of porous mem-
branes [14–20]. For instance, Al2O3 has been successfully deposited
into ceramic microfiltration (MF) membranes to tune the pore size as
well as permeation of the membranes [17]. The performance of the
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membranes was changed gradually with the number of ALD cycles as
the water permeability was decreased while the retention rate was
increased with cycle numbers. The original MF membranes were finally
turned to be ultrafiltration (UF) membranes with the increase of the
ALD cycles. In these previous works, because the substrate membranes
contained pores typically larger than 30 nm vaporized ALD precursors
penetrated into deep interior of the membranes, producing coating
layers not only on the membrane surfaces but also along the pores
beneath the surfaces. This strategy may also lead to NF membranes
provided we keep increasing ALD cycle numbers to significantly reduce
the effective pore sizes down to a few nanometers. However, it requires
thousands of ALD cycles to shrink the original MF membranes into the
NF category, which would be very tedious, time-consuming, and even
worse, the porosity of the produced NF membranes would be sig-
nificantly reduced, thus consequently giving a low permeability.

Alternatively, ALD can be performed on substrate membranes with
small pores (e.g. less than 20 nm). In this case, deposition inside the
membrane will also take place but can be limited to a much less
thickness because of the pronounced diffusion resistance of the small
pores to ALD precursors with appropriately controlled deposition
parameters. Additional dense layers would form on top of the substrate
membranes with extending ALD cycles. Considering that the typical
precursor, water, serving as the oxidant, can be replaced by alcohols, to
incorporate organic moieties into the deposited layers which can be
subsequently cavitated by removing these organic moieties, the as-
deposited dense layers can be converted to microporous ones which
may serve as selective layers exhibiting the NF size-discriminating
function. This modified ALD process using alcohols rather than water
as the oxidizing precursor is also known as molecular layer deposition
(MLD) [21], however, the deposition mechanism has no difference with
the typical ALD process. The metal alkoxide films formed through the
reaction of metal precursors and diols or triols are defined as
“metalcones” [22], and correspondingly aluminum alkoxide and tita-
nium alkoxide are known as alucone and titanicone, respectively.
Recently, Liang et al. demonstrated that micropores can be obtained
on alucone-deposited silica particles after burning off or etching away
the organic moieties in the metalcones [23]. The pore sizes were
around 1 nm, which is exactly falling in the range of pores of NF
membranes. Therefore, it is expected that ALD deposition of metal-
cones on suitable porous substrates followed by cavitation to produce
continuous microporous ultrathin selective layers may open a new
avenue for the highly controllable and efficient fabrication of inorganic
NF membranes.

The right substrate membranes are vital for the production of high-
quality NF membranes through this method of metalcone deposition
and subsequent cavitation. The material, the pore size, and the
configuration of the substrate membranes should all be carefully
considered from the aspect of ALD processing as well as the real-world
applications of the produced NF membranes. Very recently, thin films
of microporous TiO2 obtained by calcining titanicone exhibited ex-
cellent retentions to salts and dyes through the NF mechanism [24].
Unfortunately, anodic aluminum oxide (AAO) chips were used as
substrates in that work, which significantly hampers the possibility of
these composite membranes to be used in real applications because of
the poor mechanical stability and high cost of AAO supports. Moreover,
long precursor pulse, exposure, and purge durations of a few minutes
were employed in this work, and the titanicone deposition predomi-
nantly took place into deep interior of the AAO supports.

In the present work, tubular ceramic ultrafiltration (UF) mem-
branes with the pore size of ~5 nm are chosen as the substrate. This
choice is made because the tubular configuration is most extensively
used in industry for ceramic membranes on one hand, and membranes
with pores significantly larger than 5 nm would need too many ALD
cycles to form an additional depositing layer on the membrane surface
on the other. On these tubular ceramic UF membranes, we deposit
dense titanicone layers with varied thickness by changing the deposi-

tion cycles. Short precursor pulse and exposure durations are used to
limit the deposition to take place in the near-surface region, thus
forming a more asymmetric structure within short operation durations.
The deposited tubular membranes are subsequently calcined to convert
the dense titanicone layers to microporous TiO2 layers. Thus produced
composite structures exhibit excellent NF performances with tunable
MWCOs simply by changing the ALD cycle numbers.

2. Experimental

2.1. Materials

Asymmetric tubular ceramic membranes consisting of α-alumina
supporting layers and TiO2 inner separation layers (Fraunhofer-
Institut für Keramische Technologien und Systeme IKTS, Germany)
were used as substrates. The tubular membranes have an external
diameter of 10 mm and a tube wall thickness of 1.7 mm, and their
average pore size is 5 nm according to the manufacturer. TiCl4
(99.99%, Metalorganic Center, Nanjing University), as one of the
cheapest Ti sources, was used as metal source, while ethylene glycol
(EG, 99.5%, TCI Shanghai) was served as organic source for the ALD
process. N2 with ultra-high purity of 99.999% (Tianhong Gas, Nanjing)
was used as the purge and carrier gas during the ALD process. Silicon
wafers (SY100W-01, Seyang Electronics) were cleaned with ethanol
and deionized water and dried in nitrogen gas before using as control
substrates. Polyethylene glycols (PEG, Aladdin, Shanghai, China) with
various molecular weights (600, 1500, 4000 and 10,000 Da) were used
to determine the MWCOs of different membrane samples.

2.2. Titanicone ALD and calcination

The membrane samples were placed in the chamber of the ALD
reactor (Savannah S100, Cambridge NanoTech) and were heated at
100 °C for 10 min before the start of deposition in vacuum (~1 Torr).
TiCl4 was maintained at room temperature, while EG was heated to
80 °C. TiCl4 and EG vapor were pulsed into the reactor alternatively.
For one titanicone ALD cycle, each precursor was pulsed into the
chamber for 0.03 s, then held for 5 s, and subsequently the chamber
was purged for 10 s with a steady N2 flow rate of 20 sccm. The ceramic
membranes as well as silicon wafers were deposited for 100, 200, 300,
400 and 500 cycles, respectively. The deposited samples were calcined
in air at 400 °C for 2 h with a heating rate of 1 °C/min in a high
temperature furnace (KSL-1100X-s, MTI Corporation).

2.3. Characterizations

Fourier Transformation Infrared (FTIR) spectra of the ceramic
membranes with different treatments and the bare membrane were
collected using a Nicolet 8700 FTIR spectrometer in the mode of
attenuated total reflection (ATR). Surface and cross-sectional morphol-
ogies of the ceramic membranes with and without titanicone deposition
and calcination were examined by a field emission scanning electron
microscopy (FESEM, Hitachi S-4800) with an operating voltage of
5 kV. A thin layer of Pd/Au alloy was sputtering-coated onto the surface
of the samples before SEM observations to avoid electron charging.

X-ray diffraction patterns of the membrane samples were per-
formed on a Rigaku MiniFlex 600 X-ray diffractometer with a Cu Kα X-
ray source. XRD measurements were operated in the reflection mode
with Cu-Kα radiation (40 kV, 15 mA) and a diffracted beam mono-
chromator, using a step scan mode with a step of 0.02°. A spectroscopic
ellipsometer (Complete EASEM-2000U, J.A. Woollam) with an inci-
dence angle of 70° was used to determine the thickness and refractive
index of the TiO2 films formed on silicon wafers after titanicone
deposition and calcination.
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2.4. Filtration tests

The water permeability and the retention of PEG were measured in
a homemade apparatus at room temperature under the pressure of
0.5 MPa. The retention for PEG was studied by filtration experiments
using PEG mixtures with a total concentration of 3 g/L. The PEG
retention rates of the membranes were determined by measuring the
PEG concentrations of both feed and permeate side. The PEG retention
rate can be calculated through the following Eq. (1):

R C C(%) = (1 − / ) × 100p f (1)

where R is the PEG retention rate of the membrane, Cp and Cf is the
concentration of PEG solution in the permeate and feed solution,
respectively. The PEG solutions were analyzed by gel permeation
chromatography (GPC). GPC of PEG was performed with
Ultrahydrogel® columns using a Waters Isocratic HLPC 1515 pump
and a Waters 2414 refractive index detector. The molecular weight of
the PEG corresponding to a 90% retention level was taken as the
MWCO of the membrane.

3. Results and discussion

3.1. The fabrication process and the growth rate of titanicone and
TiO2

Fig. 1 presents the schematic diagram of the preparation of ceramic
tubular NF membranes by ALD and subsequent calcination. The bare
membrane has a layered structure including a supporting layer as well
as a separation layer (Fig. 1a). The precursors are alternatively
infiltrated into the supporting layer as well as separation layer of the
tubular membrane and are chemisorbed on the surface of particulates
constituent of the supporting and separation layers. The second
precursor (EG) reacted with the first precursor (TiCl4) previously
sorbed on the particulate surface following the surface reactions below:

-OH*+TiCl4→-O-TiCl3*+HCl (g)

-O-TiCl3*+3HO-C2H4-OH→-O-Ti-(O–C2H4-OH)3*+3HCl (g)

Titanicone is thus conformally coated along the particulates in the
initial stage, and subsequently a dense layer of titanicone is formed on
the top surface of the separation layer with rising ALD cycles (Fig. 1b).
The thickness of this dense layer can be tuned simply by varying the
deposition cycles. Then the titanicone-deposited ceramic membranes
are calcined at 400 °C for 2 h in air, so that organic components in
titanicone are removed to generate microporous TiO2 layer, which will
serve as the new selective layer delivering the NF function (Fig. 1c). In
this way, it is expected that the permeation performance of the original
UF membranes could be tightened to be NF membranes with tunable
MWCOs.

To investigate the deposition mechanism and the growth rate of
titanicone, ellipsometry was used to monitor the change of the
thickness of titanicone deposited on silicon wafers before and after
calcination with varied deposition cycles. As shown in Fig. 2, there is a
linear correlation between the thickness of the deposited titanicone
layer and the cycle numbers, implying that the growth of titanicone is
indeed following the ALD mechanism which produces constant thick-
ness of deposited materials as a result of self-limiting reactions

between the two precursors. Furthermore, the as-fitted growth rate of
titanicone can be determined to be ~1.5 Å/cycle. Such a growth rate of
titanicone is much lower than that reported in other works (~4 Å/cycle)
[21]. This should be ascribed to that they used a much longer pulse
time for each precursor (5 s for TiCl4 and 8.5 s for EG) whereas we used
only 0.03 s for each precursor which allows much less precursors to be
sorbed on the surface, producing less amount of titanicone each cycle.
There is a significant reduction in the thickness of the deposited
titanicone layers after calcination in air because of the elimination of
organic moieties in titanicone. After calcination the linear relationship
between the thickness of the deposited layers and the cycle numbers is
maintained, and correspondingly the growth rate of TiO2 layer can be
determined to be ~0.4 Å/cycle, indicating that calcination does not
weaken the integrity of the original titanicone layers. By comparing the
thickness of the titanicone layers before and after calcination, we can
estimate the shrinking ratio of the titanicone layer during calcination to
be 73%, which is similar to the reported value (77%) in other work
[21].

3.2. Changes in compositions of the membranes during deposition
and calcination

The deposited and the calcined membranes were characterized by
FTIR, so as to investigate the surface chemistry of the treated ceramic
membranes. As can be clearly seen from Fig. 3, no obvious changes
could be observed after deposition with 100 cycles. While a new peak
emerged at around 1100 cm−1 after deposition with 500 cycles which
can be attributed to the stretching vibration of C-O bonds in the
precursor EG, indicating the successful deposition of titanicone on the
surface of the membranes. It is worth noting that the peak at
~1100 cm−1 disappeared after calcination, proving that the organic
components were removed during the calcination process and titani-
cone was converted to TiO2.

Furthermore, XRD was used to confirm the successful formation of
TiO2 layer on the surface of the ceramic membrane, and the diffraction
peaks of the ceramic membranes before and after the titanicone
deposition and calcination were compared. As shown in Fig. 4, the

Fig. 1. Schematic diagram for the fabrication process of ceramic tubular NF membranes.

Fig. 2. The thickness of titanicone layers deposited on silicon wafers with different cycle
numbers and the thickness of the corresponding TiO2 layers after calcination.
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bare membrane has very strong peaks originated from α-Al2O3 [25]
and anatase phase of TiO2 [26], corresponding to the fact that the
support layer and the separation layer were α-Al2O3 and anatase TiO2,
respectively. After deposition with 400 cycles and calcination, the
intensities of the diffraction peaks of both α-Al2O3 and anatase TiO2

dramatically decreased, suggesting that the top layer of the pristine
membranes was somehow covered. The peak intensity further de-
creased after deposition with 500 cycles and calcination, suggesting
that the thickness of the TiO2 layer was increased with the ALD cycle
numbers. We note that neither did the peak intensity of anatase TiO2

enhance nor did any new peak appear after the calcination process.
Moreover, we performed the same test on silicon wafers with identical
treatments for comparison, and no peaks could be observed either, so
we can conclude that the newly formed TiO2 layer was amorphous and
did not show any crystalline peaks [27]. However, both α-Al2O3 and
anatase TiO2 still can be detected after 500 deposition cycles and
calcination. This was ascribed to the probing depth of XRD, which
could reach several micrometers of the samples [28] while the newly
formed TiO2 layer was merely less than 30 nm, therefore the peak
intensity was not strong enough to shield characteristic diffraction
peaks of the pristine layer of the membrane.

3.3. Morphology evolution of the membranes during deposition and
calcination

To reveal the surface evolution of the membranes after titanicone
deposition and calcination, SEM was used to characterize the surface
morphologies of the bare and the calcined membranes. As can be seen
from Fig. 5a, the bare membrane exhibits a surface morphology of
accumulated fine particulates as a result of its sol-gel fabrication
process, and there are many tiny gaps between the adjacent particu-
lates, which are defined as membrane pores with the diameter of a few
nanometers. The surface of the membrane became dense after 200 or
500 deposition cycles and no pores could be observed. Since the growth
rate of ALD titanicone is 1.5 Å/cycle and the pore size of bare ceramic
membranes is around 5 nm, after 20 or more deposition cycles, the
pores would be fully filled after deposition for only 20 cycles which
produce a coating layer with a thickness of ~3 nm. With more than 20
cycles an extra thin layer would form on the surface of the separation
layer of the membrane surfaces. The surface of membranes after ALD
for 200 or 500 cycles is therefore dense and smooth, as can be seen
from Fig. 5b and c. Because there is a significant reduction in thickness
after calcination as we discussed earlier the thickness of the deposition
layer formed on membrane surface with 100 cycles drastically shrinks
and the pores are unveiled after calcination (Fig. 5d). However, the size
of the particulates on the surface becomes larger as a result of the
coating of TiO2 along the original particulates. For the membrane
sample with 500 ALD cycles, the thickness of the deposition layer is
large enough (can be observed in Fig. 6b), so that the layer after
calcination still covers the original membrane surface (Fig. 5f). For
those with 200 ALD cycles, the original membrane surface is partially
covered, leaving behind some narrow pores (Fig. 5e).

We further investigated the evolution of the cross-sectional mor-
phology of the tubular membranes with titanicone deposition and
calcination. As can be seen clearly from Fig. 6a, the bare membrane
exhibits a layered structure consisting of a thick supporting layer and a
thin separation layer with a thickness of ~1.5 µm. After 500 deposition
cycles, an additional dense and very thin layer with a thickness of 70–
80 nm (highlighted in the square in Fig. 6b) can be observed on top of
the original separation layer of the tubular membrane, which is
believed to be the titanicone layer. After calcination in air, this thin
layer disappeared since the titanicone deposition layer shrank after
calcination and the titanicone is turned to TiO2. It is also worth noting
that neither the deposition nor the calcination process had evident
influence on the cross-sectional morphology of the supporting layer of
ceramic membranes as shown in Fig. 6a–c. In contrast to a relatively
long precursor pulse and exposure durations of several minutes used in
other works [21,24,29], a relatively short pulsing and exposure
duration (0.03 s and 5 s, respectively) was deliberately used in our
work, which does not allow the precursors to diffuse through the tight
selective layer to reach the supporting layer, limiting the deposition
predominantly happening in the selective layer of the tubular mem-
brane. Such a deposition limited to the near-surface region is essential
in the preservation of permeation performance of the ceramic mem-
branes after this modification process. Moreover, these shortened
durations will significantly reduce the time required for the membrane
modification by ALD, and also will consume much less precursors.

3.4. Separation performances of the membranes

The PWF of the bare and modified membranes were presented in
Fig. 7. The bare membrane has an initial PWF of ~100 L m−2 h−1 bar−1.
With 100 deposition cycles and calcination, the PWF of the membrane
dropped to ~80 L m−2 h−1 bar−1. As revealed by SEM examinations,
most of the pristine pores in the ceramic membrane were blocked by
the newly formed TiO2 layer after 100 deposition cycles and calcina-
tion; nevertheless, the as-prepared layer was microporous and hydro-
philic, which led to a relatively slight decrease in PWF. With deposition

Fig. 3. FTIR spectra of ceramic membranes subjected to different treatment.

Fig. 4. XRD patterns of the bare and the calcined membranes with different cycles.
Peaks originated from α-Al2O3 and anatase phase TiO2 are highlighted with circles and
triangles, respectively.
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for 200 cycles and calcination, the PWF of the membrane decreased
sharply to ~45 L m−2 h−1 bar−1. Such a significant drop of the permea-
tion should be ascribed to that the pristine layer was gradually covered
by the microporous TiO2 layer, which was in good agreement with the
SEM and XRD results. After 300 or more deposition cycles and
calcination, the PWF of the membrane further declined and remained
at a steady value of ~30 L m−2 h−1 bar−1. Therefore, after 300 or more
deposition cycles and subsequent calcination the newly formed micro-
porous TiO2 layer was serving as the separation layer.

The permeability of a porous membrane is mainly determined by
the pore size, porosity, and the thickness of the selective layer. In the
present work, the pore size is dependent on the type of the organic
groups in the precursors and is considered to remain unchanged as we
constantly used EG as the organic precursors. The thickness of the
selective layer also changed very slightly as deposition with 100 more
cycles and subsequent calcination only increased the thickness by
~4 nm. We then investigate the change of porosity of the selective
layers with cycle numbers.

The porosity of the microporous TiO2 formed on the tubular
membranes cannot be directly measured. Alternatively, we measured
the porosities of the TiO2 layers formed on the silicon wafers which
should be comparable to that formed on the tubular membranes as
they were deposited under identical conditions. The porosity of porous
materials can be estimated by Eq. (2) [30]:

n n ϕ n ϕ= (1 − ) +f s pore air pore
2 2 2

(2)

where nf, ns, and nair represent the refractive index of the porous
membrane, the material consisting of the membrane, and air, respec-
tively. Φpore is the porosity of the membrane. In our case, ns and nair
are known as 2.52 and 1, respectively, and nf can be determined by
ellipsometry.

As can be seen from Fig. 8, with 50 deposition cycles and
calcination, the porosity of the membrane was relatively high at
~45%. This should be ascribed to that the silicon wafer has a thin
bare SiO2 layer on the surface, which had non-negligible effects on the
reflective index measurements of TiO2 layer since the TiO2 layer was
only ~2 nm in thickness. The refractive index of the SiO2 layer was
different from that of microporous TiO2 layer, which would affect the
calculation results of porosity inevitably. After 100 deposition cycles

and calcination, the porosity of the membrane dropped to ~35%, which
should be attributed to that the newly formed TiO2 layer was ~4 nm
and the influence of the bare SiO2 layer was weakened. The porosity of
the membrane slightly decreased when the deposition cycles was
increased to 200, which should also be ascribed to the further
weakening influence of bare SiO2 layer. While with 300 or more
deposition cycles and calcination, the porosity of the membrane barely
changed and finally stabilized at ~30%. Therefore, because of the slight
or no change in pore size, porosity, and thickness of the selective layer,
the calcined membranes with 300 or more ALD cycles exhibit un-
changed permeability.

We investigated the retention performances of the calcined mem-
branes with various ALD cycles by testing their MWCOs. PEGs with
various molecular weights were used as the probe molecules. The PEG-
retention curves, as a function of molecular weight, of the bare and the
calcined membranes were presented in Fig. 9. The bare membrane
exhibits a MWCO of ~7200 Da. MWCO of the calcined membranes
with a cycle number of 100 and 200 was reduced to ~5500 Da and
~2600 Da, respectively. MWCO was further lowered down to ~680 Da
by calcining the membrane deposited with 300 cycles. Further increase
in deposition cycles exceeding 300 did not tighten the membrane any
longer. The calcined membranes with 400 and 500 cycles showed
similar MWCOs to the membrane prepared with 300 cycles. Such a
trend of changes in MWCOs with cycle numbers is similar to that of
water permeability. With ALD cycles lower than 300 corresponding to
the initial stage of deposition and after calcination the coating of
microporous TiO2 predominantly took place around the particulates
consisting of the original selective layer of the substrate membrane,
thus reducing the effective pore size and consequently reduced the
permeability and MWCOs. With 300 or more cycle numbers the
microporous TiO2 layer was formed on the top surface of the substrate
membranes to become the new selective layer. Consequently, the
permeability and retention remained mostly unchanged due to the
very limited change in pore size, porosity, and thickness of this new
layer as we discussed above.

On the basis of the MWCO, the membranes prepared by titanicone
deposition with a cycle number larger than 300 followed by calcination
can be considered to be NF membranes with the pore size lying in the
range of micropores [31]. That is to say, by depositing of titanicone for

Fig. 5. Surface SEM images of the bare ceramic membrane (a), the titanicone-deposited membrane with a cycle number of 200 (b) and 500 (c), the titanicone-deposited and calcined
ceramic membrane with a cycle number of 100, 200, and 500 (d–f). (a)–(f) have the same magnification and the scale bar is shown in (f).
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about 200–300 cycles, the initial UF membranes were converted to NF
membranes with tightening size-discriminating properties. The pore
size of the membrane prepared by ALD for 300 cycles and subsequent
calcination can be estimated to be approximately 1.3 nm by fitting its
MWCO into Eq. (3) [32]:

r g= 0.1673 × (MW( /mol))0.557 (3)

where r is the molecular radius (Å), and MW is the molecular weight
(Da).

By considering both the water permeability and MWCO of the

Fig. 6. The cross-sectional SEM images of the bare (a) and the deposited membranes
before (b) and after (c) calcination at a deposition cycle number of 500. The bottom-left
and bottom-right panels in (a–c) show the enlarged morphology of the supporting layer
and the selective layer of the membrane, respectively. The up and bottom panels in (a–c)
have the same magnifications, respectively and the scale bars are shown in (c).

Fig. 7. Permeability of the bare membrane and the calcined membranes with varied
deposition cycles.

Fig. 8. Calculated porosity of porous TiO2 layer on silicon wafers with varied deposition
cycles.

Fig. 9. PEG retention of the bare ceramic membrane and the calcined membranes with
varied deposition cycles.
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membrane prepared by titanicone deposition for 300 cycles and
subsequent calcination, its NF performance is outstanding compared
to other NF membranes prepared by different methods. As shown in
Table 1, our membrane exhibits larger water permeability than many
other ceramic tubular NF membranes with similar MWCOs.
Considering also the high efficiency of the fabrication process and
precise control in membrane structure and properties this ALD and
subsequent calcination strategy is expected to be extended to produce
other NF membranes (or even UF membranes with small pore sizes) of
different materials with tunable properties.

4. Conclusions

In summary, we demonstrate a facile and effective method to
fabricate ceramic tubular NF membranes. ALD is employed to deposit
titanicone on the substrate membranes with a pore size of ~5 nm and
TiCl4 and ethylene glycol are used as the precursors. We deliberately
use short pulse and exposure durations of both ALD precursors to limit
the deposition mainly taking place in the near-surface region of the
substrate and an additional dense layer is formed after larger ALD
cycles. This dense deposition layer is subsequently converted to a
microporous TiO2 layer by burning off the organic components, as
revealed by FTIR, XRD, and SEM characterizations. The separation
properties of the ceramic membranes can be tuned simply by varying
the ALD cycles. When the cycle number is increased up to 300 the
membranes exhibit progressively reduced water permeability and
increased retention rates. The water permeability and MWCO maintain
largely unchanged with further increasing cycle numbers beyond 300.
The original substrate membrane gives a water permeability of
~100 L m−2 h−1 bar−1 and MWCO of ~7200 Da, which are reduced to
45 L m−2 h−1 bar−1 and ~2600 Da, respectively after deposition with
200 cycles and calcination. The calcined membrane with 300 ALD
cycles is tightened to the NF category and exhibits MWCO of ~680 Da
and water permeability as high as 30 L m−2 h−1 bar−1 which is higher
than many other tubular NF membranes prepared by the sol-gel
process. Such a deposition of metalcone and subsequent calcination
strategy is expected to be used to prepare NF membranes with different
materials and the NF performances may be further tuned by using
precursors with differently sized organic groups.
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