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To meet the strong need for highly efficient and controllable manufacturing methods to ceramic nanofiltration (NF)
membranes, we use atomic layer deposition (ALD) to prepare NF membranes by tightening ultrafiltration (UF) membranes. We confine the ALD deposition of TiO2 to the near-surface region of substrate UF membranes. The pores
(5 nm) in the selective layers are progressively reduced, thus transforming the original UF membranes to NF ones at
acceptable expense of permeability. A molecular-weight-cut-off (MWCO) down to 890 Da is obtained after merely 40
cycles and the water permeability remains as high as 32 Lm22h21bar21. MWCOs can be flexibly tuned by altering
ALD cycles, which is lowered down to 410 Da with 60 ALD cycles. The deposited membranes are used to remove dyes
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Introduction
Atomic layer deposition (ALD) is a technique for depositing
highly conformal and uniform thin films on substrates by
exposing their surfaces to alternate gaseous precursors.1–5 In
the past two decades, the applications of ALD have been
extended from the traditional field of microelectronics to the
synthesis of functional materials.6,7 In contrast to chemical
vapor deposition in which precursors are present simultaneously in the deposition chamber, precursors are introduced
into the chamber as a series of non-overlapping, sequential
pulses during ALD processes. In each of these pulses the precursors react with the substrate in a self-limiting way, so that
the reaction terminates once all the reactive sites on the substrate surface are consumed up. As a result, the maximum
amount of material deposited on the surface after an ALD
cycle is determined by the nature of the reactions between
precursors and substrate surface and between the two precursors. Therefore, ALD is particularly suitable for the precise
modification and functionalization of nanoporous materials. A
number of materials including oxides, metals, sulfides and
even polymers8,9 have been deposited on various substrates
including ceramics,10–12 polymers,13–19 carbon materials,20,21
or biomolecules.22,23 Moreover, there are a few reports on
using ALD to modify/functionalize porous separation membranes which are also a typical type of nanoporous materials.24–33 Previously, these works were exclusively focused on
the reduction of membranes pores for gas separation. Starting
from the year of 2011, we extended the ALD method to the
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modification and functionalization of UF11,12,19,34–41 and
microfiltration (MF)42–45 membranes for the applications of
water treatment. In these studies, the purposes include (1) to
tune the pore size of porous polymeric membranes with subangstrom preciseness to fit various separation systems, and (2)
to enhance the surface hydrophilicity and fouling resistance,
which is essential in water treatment.
Our previous works have proved that ALD could also be
used in the modification of inorganic ceramic membranes to
upgrade separation performances.11,12 The pore size and consequently the permeation of ceramic MF membranes were
tuned simply by ALD deposition of Al2O3.11 By increasing
the deposition cycle numbers, the water permeability was
decreased whilst the retention was increased, and the original
MF membranes were finally tightened to UF membranes.
However, simply repeating ALD cycles on the MF substrate
membranes did not lead to NF membranes. One reason is that
thousands of deposition cycles would be required to reach a
desirable rejection in the NF category, which is very tedious
and time-consuming. The other one is that most of the pores in
the original MF membranes had been completely sealed after
heavy deposition, leading to a great loss in permeability.
Because of the wide pore size distribution of the UF substrate
membranes, there are still present of abnormally large pores in
the deposited membranes, which prevents the realization of a
rejection capability to the NF level because of the leaking
effect of the remaining large pores.
Alternatively, we turned to another ALD-based strategy to
produce ceramic NF membranes. We used tubular ceramic
ultrafiltration (UF) membranes with a mean pore size of
5 nm as the substrates.12 Titanicone layers with varied thicknesses were ALD-deposited onto the surface of the membranes by replacing water with ethylene glycol as the oxidant
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precursor. The deposited membranes were subsequently calcined to remove the organic moieties, producing microporous
TiO2 layers which deliver a NF separation property. The asprepared ceramic NF membranes exhibited a MWCO of 680
Da and water permeability of 30 Lm22h21bar21. Such a
permselectivity is outstanding compared to the NF membranes
prepared by the sol-gel method. In this strategy, the pore sizes
and in consequence, the size-sieving properties are predominantly determined by the size of the organic moieties in the
precursors and therefore, there is limited room to adjust the
pore sizes by altering the deposition parameters. Moreover,
this strategy contains two steps: deposition and calcination,
and it also typically requires several hundreds of ALD cycles
to form a dense metalcone layer covering the porous substrates, which are necessary for the formation of micropores
fitting in the NF category by subsequent calcination. Several
hundreds of ALD cycles mean considerable consumption of
chemicals (precursors), time, and energy. Therefore, from the
aspect of upscaling and large-scale manufacturing, this ALD
strategy based on deposition of metalcone is still somewhat
complicated and tedious and may suffer from low production
efficiency. Therefore, there remains a strong desire for highly
convenient and efficient methods to manufacturing ceramic
NF membranes. Inspired by our previous work in which MF
membranes can be progressively tuned to UF membranes simply by repeating ALD cycles, we anticipate that NF membranes can be manufactured by continuously depositing oxides
on UF membranes, and the required ALD cycles would not be
too many if the substrate membranes have small pores, for
example, pore sizes less than 10 nm.
In the present work, tubular ceramic UF membranes with
the mean pore size of 5 nm are used as substrates. We
deposit thin TiO2 layers with varied thickness on the surface
of the membranes by gradually enhancing the deposition cycle
numbers. Short pulse durations and nonexposure mode are
deliberately used to confine the deposition to take place predominantly in the near-surface region of the substrate UF
membranes. Only a few tens of deposition cycles are required
to tune the pore size since the pore size of the bare membranes
is only 5 nm, which is very time-saving and energy-efficient.
Moreover, the deposited membranes exhibit adjustable NF
performances with tunable MWCOs which can be achieved
simply by changing the ALD cycle numbers. The deposited
membranes are then explored to remove dyes with different
molecular weights and charging properties from aqueous dye
solutions, and they exhibit higher than 95% rejection to
two negatively charged dyes with a molecular weight of
1000 Da.

Experimental
Materials
Tubular ceramic UF membranes consisting of a TiO2 inner
separation layer and an a-alumina supporting layer (Fraunhofer-Institut f€ur 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 the average pore size is  5 nm according to
the manufacturer. TiCl4 (99.99%, Metalorganic Center, Nanjing University) and deionized water were served as metallic
and oxygen source for the ALD process, respectively. N2 with
ultra-high purity of 99.999% (Tianhong Gas, Nanjing) was
used as the purge and carrier gas during the ALD process.
AIChE Journal
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Silicon wafers (SY100W-01, Seyang Electronics) were
cleaned with ethanol and deionized water, then dried in N2
before using as control substrates.
Polyethylene glycol (PEG, Aladdin, Shanghai, China) with
molecular weights of 600, 1500, 4000, and 10,000 Da were
used to determine the MWCOs of the membranes. Methylene
Blue (MB, 98.5%, Tianjin Chemical Reagent Research Institute, Tianjin, China), Cationic Yellow X-2RL (CYX, 98.5%,
Tianjin Chemical Reagent Research Institute, Tianjin, China),
Reactive Black 5 (RB5, 90%, Zhejiang Runtu Co., Ltd.
Shangyu, China) and Rose Bengal (RB, 90%, J&K Chemicals,
Shanghai, China) were used without further purification as
model dyes with different molecular weights and charging
properties. The properties and structures of the dyes are summarized in Table 1.

ALD of TiO2
The membranes and monitoring silicon wafers were positioned in the chamber of the ALD reactor (Savannah S100,
Cambridge NanoTech) and were heated at 1008C for 10 min
before the deposition took place in vacuum (1 Torr). The
nonexposure mode was selected deliberately with the expectation that the reaction mainly takes place in the near-surface
area. In this mode, no exposure time was included, and there
would be no enough time for the precursors to enter into the
deep interior of the membranes. Both TiCl4 and water were
maintained at room temperature. TiCl4 and water vapor were
pulsed into the reactor alternatively. For one TiO2 ALD cycle,
the TiCl4 and H2O were pulsed into the chamber for 0.03 s
and 0.015 s, respectively, and subsequently the chamber was
purged for 10 s with a steady N2 flow rate of 20 sccm. The
ALD deposition was repeated for 20, 30, 40, 50 and 60 cycles.

Characterizations
A field emission scanning electron microscope (FESEM,
Hitachi S-4800) was used to reveal the surface and crosssectional morphologies of the membrane samples 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. The thickness of the
TiO2 films deposited on silicon wafers was determined by a
spectroscopic ellipsometer (Complete EASEM-2000U, J. A.
Woollam) with an incidence angle of 708. The pHs of dye solutions were measured using a conventional glass pH electrode
(FB-5, Fisher Scientific Inc.) under the same concentrations.

Separation and permeation performance
A homemade apparatus (shown in Figure 1) was used to
measure the water permeability and the retention of PEG or
dyes at room temperature under the pressure of 5 bar. The
PEG feed solution had a total concentration of 3 g/L (the concentration of each PEG was 0.75 g/L) while every feed solution of dyes had a concentration of 50 mg/L. The PEG and dye
retention rates of the membranes were determined by measuring the PEG or dye concentrations at both feed and permeate
side. 1 L solution was used in each retention test, and the
membranes were tested successively according to the deposition cycles. The rejection rates were calculated by the Eq. 1:

Rð%Þ5 12Cp =Cf 3100

(1)

where R is the PEG or dye retention rate of the membranes, Cp
and Cf are the concentration of PEG or dye solutions in the
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Table 1. Properties and Structures of Dyes Used in This Work
Dye

Chemical Structure

MW (g/mol)

Charge

320

1

529.5

1

Reactive Black 5

992

2

Rose Bengal

1017

2

Methylene Blue

Cationic Yellow X-2RL

permeate and feed solutions, respectively. Gel permeation
chromatography (GPC, 1515, Waters, USA) was used to analyze the PEG solutions. The molecular weight of PEG which
was 90% rejected was defined as the MWCO of the membranes. The dye concentrations were determined by absorption
spectrometry using an UV–visible spectrophotometer

Figure 1. Schematic diagram of the filtration apparatus: (1) feed tank; (2) plunger pump; (3, 5)
pressure gauge; (4) membrane module; (6)
counterbalance valve; (7) safety valve and (8)
beaker.

(Nanodrop 1000, Thermo Fisher) at 665 nm, 431 nm, 598 nm
and 548 nm for MB, CYX, RB5 and RB, respectively.

Results and Discussion
The schematic of TiO2 ALD on ceramic UF membranes
was presented in Figure 2. The bare membrane possessed
pores with a diameter of 5 nm. The pore size decreased gradually with the increasing of deposition cycle numbers.
We first need to know the deposition behaviors under the
set deposition conditions to make sure that the deposition
takes place in the ALD mode and to know the growth rate of

Figure 2. Schematic diagram of fabricating ceramic NF
membranes from UF membranes using ALD
in the nonexposure mode.

[Color figure can be viewed at wileyonlinelibrary.com]
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Figure 3. The thickness of TiO2 layers deposited on silicon wafers with different cycle numbers.
[Color figure can be viewed at wileyonlinelibrary.com]

the TiO2 layers. However, direct determination of the thickness of the deposited layers on the porous substrate membranes is difficult. Alternatively, we first investigated the
deposition of TiO2 on the smooth surface of silicon wafers
under the set deposition conditions. Figure 3 presented the
thickness of the TiO2 layers produced with various cycles.
There was a nearly perfectly linear increase of thickness with
cycle numbers, implying that the deposition occurred truly in
the ALD mode. The fitted growth rate was determined to be
0.5 Å/cycle, which is in good agreement with the results in literature utilizing the same precursors (TiCl4 and H2O).46–48
The linear growth rate would be very beneficial for the precise
modification of ceramic membranes to have predictable separation properties. Such a deposition behavior including the
growth rate on silicon wafers was expected to be very close to
that on porous membranes because the two substrates have
similar surface chemistry (terminated by hydroxyl groups) and
the deposition on membranes was confined to the near-surface
region. Therefore, thus understood deposition behavior would
be very helpful in our following studies on deposition on
membrane substrates.

We then used SEM to reveal the morphology of the membranes after TiO2 deposition with different ALD cycles. As
can be seen from Figure 4a, the bare membrane had a porous
structure composed of fused fine particulates. The gaps
between the particulates defined the membrane pores with the
diameter in the range of a few nanometers. It was clear from
Figure 4 that the pore size of the membranes was continuously
reduced with increasing ALD cycle numbers. Small pores
remained discernable on the membrane surface when the cycle
number was less than 60, and we can hardly observe any pores
on the membrane with a cycle number of 60. Such an observation was, in general, consistent with the estimated pore sizes
based on the growth rate of TiO2. As the growth rate of TiO2
was 0.5 Å/cycle under the used deposition conditions and the
average pore size of the membrane was 5 nm, we can estimate that the pore sizes are reduced to around 3, 2, 1 and 0 nm
when the ALD cycles were 20, 30, 40 and 50, respectively.
However, it should be noted that there may also exist some
small pores on the membrane with 60 ALD cycles although
they were under the detecting limit of SEM. The remaining
pores were originated from big pores larger than the average
5-nm size in the original substrate membranes.
The evolution of the cross-sectional morphology of the
membranes with TiO2 deposition was further investigated. As
shown in Figure 5a, the bare membrane exhibited a layered
structure consisting of a thick supporting layer and a thin separation layer with a thickness of 1.5 mm. After 20, 40 or 60
deposition cycles, no obvious changes could be seen in the
supporting layer. It was worth noting that the deposition process also had quite weak influence on the cross-sectional morphology of the separation layer of the membranes as shown in
Figures 5a–d. This should be ascribed to that a rather short
pulse time (0.03 s and 0.015 s for TiCl4 and H2O, respectively)
and nonexposure mode were used in this study, we did not
expect the precursors diffuse into the selective layer, restricting the deposition process predominantly proceeding on the
surface of the membranes. Therefore, the intact cross-sectional
morphology after deposition confirmed that the deposition was
predominantly taking places on the membrane surface. Such a
deposition structure was essential to upgrade the selectivity at
minimum expense of permeability loss as the interior in the

Figure 4. SEM images of the surface of (a) bare ceramic membrane, the TiO2-deposited membrane with cycle
numbers of (b) 20, (c) 30, (d) 40, (e) 50, and (f) 60.
(a)-(f) have the same magnification and the scale bar is shown in (f).
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Figure 5. The cross-sectional SEM images of (a) the bare and the deposited membranes with (b) 20, (c) 40, and (d)
60 ALD cycles.
(a)–(d) have the same magnification and the scale bar is shown in (d).

selective layer largely remained its original porous state which
would not lead to significantly increase the flow resistance.
The water permeability of the bare and deposited membranes was shown in Figure 6. The bare membrane exhibited a
permeability of 100 Lm22h21bar21, which moderately
dropped to 75 Lm22h21bar21 as a result of reduced pore
size. The water permeability was further decreased to 60
Lm22h21bar21 and 32 Lm22h21bar21 after the membrane was deposited with 30 and 40 ALD cycles. With further
extension of deposition cycles to 50 and 60, the permeability
kept decreasing and reached 18 and 8 Lm22h21bar21,
respectively. Such relatively low permeabilities indicated that
the pore sizes were significantly reduced on one side and the
membranes were still water-permeable on the other although
SEM imaging did not reveal any detectable pores on the surface of the membrane with 60 ALD cycles (Figure 3f).
The pore size of the selective layer dominates the separation
performances of membranes. In the present work, the pore
size was tuned simply by varying the deposition cycles. We
investigated the retention performance of the deposited membranes by measuring their MWCOs using PEGs with different
molecular weights as probe molecules. Figure 7a displayed the
rejection rate of PEG as a function of molecular weight for the
deposited membranes, and the corresponding MWCOs were

Figure 6. Water permeability of the bare membrane
and the membranes with varied TiO2 deposition cycles.

presented in Figure 7b. The bare membrane exhibited a
MWCO of 7200 Da.12 With 20 and 30 deposition cycles, the
MWCO was significantly reduced to 4400 Da and 1800
Da, respectively, indicating the efficient pore size reduction
effect of this near-surface deposition even after limited deposition cycles. Whilst the deposition cycles increased to 40, the
MWCO was sharply tighten to 890 Da, which steps into the
range of NF. With further extending deposition cycles to 50
and 60, the MWCO was kept reducing and reached 730 Da
and 410 Da, respectively. This should be ascribed to the progressive narrowing down of the pore sizes with continuous

Figure 7. (a) PEG retention of the membranes with varied TiO2 deposition cycles (the dashed line
indicates the rejection of 90% at which the
MWCO is determined), and (b) the corresponding MWCO versus cycles.

[Color figure can be viewed at wileyonlinelibrary.com]
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Table 2. The Estimated Pore Size of Ceramic Membrane
with Varied TiO2 Deposition Cycles
Cycles

Estimated Pore Size (nm)

0
20
30
40
50
60

4.7
3.6
2.2
1.5
1.3
1.0

ALD deposition. That is, the size-sieving properties of the
membranes can be flexibly tuned in a very convenient way by
changing the ALD deposition cycles. The pore sizes of the
membranes prepared by TiO2 ALD deposition can be estimated by fitting their MWCOs into Eq. 249:
r5 0:1673 3 ðMW ðg=molÞÞ0:557

(2)

The estimated pore sizes of the samples were presented in
Table 2. As can be clearly seen, the pore sizes were decreased
with increasing ALD cycles, and the reduction in pore sizes
was slowed down when the deposition cycle number was 40
or more. This is because with increasing ALD cycles it would
be more difficult for the precursors to react with the surface
due to the steric hindrance, resulting in a lower deposition rate
and consequently lower reduction in the effective pore size.
Compared to other methods preparing ceramic NF membranes,50–56 the ALD route developed in the current work is
distinguished for its flexibility in progressively and precisely
tuning the pore sizes and consequently the size-sieving properties of the membranes.
We then investigated the separation performances of the
deposited membranes to aqueous solutions of four dyes with
changing molecular weights and charging properties (the concentration of the feed solutions for all the four dyes was set to
50 mgL21) and the rejection rates were listed in Table 3. Two
of the four dyes are negatively charged while the other two are
positively charged, and their molecular weights vary in the
range of 300–1000 Da, allowing us to study the effect of surface charging and molecular sizes on the NF performances.
The corresponding UV-vis spectra of the permeate, retentate,
and feed of the dye solutions for the membranes with various
ALD cycles numbers were given in Figures 8a–d, respectively.
The bare membrane before ALD deposition exhibited weak
retentions to all the four dyes. This is reasonable because they
possessed a relatively large pore size of around 5 nm and their
MWCO was around 7200 which was much larger than the
molecular weights of all the four dyes. In addition, we noticed
that the bare membranes displayed better retentions to RB5
and RB than to MB and CYX. This should be attributed to two
factors: bigger molecular weights and different surface charging. Both RB5 and RB have a molecular weight of 1000 Da,
which should have a higher chance to be rejected by the membranes because of the mechanism of size sieving than MB and
CYX which have a molecular weight of around or less than
500 Da. The other factor was the electrostatic interaction
between the membrane and dye molecules. Since TiO2 has an
isoelectric point of 6.0,55 the membrane with a TiO2 depositing layer is negatively charged when they are exposed to aqueous dye solutions, all of which exhibit pH value of 8.
Therefore, there was an additional rejection mechanism of
electrostatic repulsion between the membrane and the negatively charged RB5 and RB. Consequently, the bare
AIChE Journal
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membranes showed much lower retentions to positively
charged dyes (MB and CYX) with lower molecular weights.
As shown in Table 3, after deposition the membranes
showed remarkably enhanced retentions to all the four dyes,
and the retention rates were increased with rising ALD cycles.
Because deposition of TiO2 on TiO2 membranes does not
change the surface charging properties of the membranes, the
enhancement in retention are predominantly the result of the
reduced pore sizes of the deposited membranes which had
continuously reduced pore sizes with increasing ALD cycles.
For MB and CYX, because their molecular weights are too
small compared to the MWCO of the deposited membranes,
their retention rate could be limitedly improved to 47.3% and
62.7% after deposition for 30 and 50 ALD cycles, respectively. Membranes with higher cycles did not allow a measurable permeability even under the pressure of 1.5 MPa. This
was due to the pore clogging as a result of severe adsorption
of dyes molecules on the pore walls. The two dyes are positively charged and they have strong electrostatic attraction to
the negatively charged pore walls. The inner and outer surface
of the membranes became darkly colored after filtration of the
two dyes, which vividly indicated the severe adsorption of the
two dyes in the membranes. Moreover, from Table 3 we can
see that the membranes with different ALD cycles always
exhibited higher retention rates to MB than CYX. Since the
two dyes have similar molecular weight if we do not consider
the part of their counter ions, the higher retention to MB can
be attributed to the stronger clogging effect of MB to the
membrane pores than CYX which was due to the more rigid
and bulky organic moieties containing multiple rings in the
molecules of MB. As can be seen clearly from Figure 8, the
concentrations of retentates were even smaller than that of the
feeds in the case of both MB and CYX, further evidencing that
severe adsorption did occur during the filtration of positively
charged dyes.
For the negatively charged dyes, the deposited membranes
exhibited remarkably increased retentions. For instance, a
cycle number of 20 was able to increase the retention of RB5
to 86.1% from 33.4% for the bare membrane, and a cycle
number of 30 led to a retention rate of 96.2%. The retention
rates were kept nearly unchanged with further increased cycle
numbers. The much higher retention rates of the deposited
membranes to negatively charged dyes than to positively
charged dyes were due to the electrostatic repulsion between
the pore walls and the negatively charged dyes and bigger
molecular sizes of the negatively charged dyes. Moreover, we
observed that the deposited membranes showed weaker retention to RB than to RB5. For example, to achieve a retention
rate higher than 90% for RB5, the membrane was required to

Table 3. The Specific Rejection Rate of Different Dyes for
the Bare and Deposited Membranes
Rejection Rate of Different Dyes (%)
Cycles

MB

CYX

RB5

RB

0
20
30
40
50
60

16.9
29.5
47.3
/
/
/

6.1
28.5
38.4
41.9
62.7
/

33.4
86.1
96.2
97.2
97.5
96.2

27.3
60.5
64.4
93.4
92.8
95.8

“/” stands for that no Solution would Permeate through the Membrane under
1.5 MPa for 10 min.
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Figure 8. The UV-vis spectra of the feed, permeate, and retentate of (a) MB, (b) CYX, (c) RB5, and (d) RB aqueous
solutions filtrated through the bare and deposited membranes with varied ALD cycles.
[Color figure can be viewed at wileyonlinelibrary.com]

be deposited for 30 ALD cycles. However, 40 ALD cycles
were necessary for the membrane to achieve a retention rate of
>90% to RB. The two negatively charged dyes have very
close molecular weights and they both carry one single negative charge in each of their molecules when dissolved in water.
Therefore, the difference in retention should be originated
from the differences in their chemical structures, which has
been frequently observed in other works of membrane separation of dye solutions.57 RB5 possesses a relatively longer
molecular chain than that of RB, resulting in larger steric hindrance than RB. Consequently, some of the RB5 molecules
cannot pass through the pores vertically, which led to a higher
rejection. As clearly shown in Figures 8c, d, for the two negatively charged dyes, the concentrations of the retentates were
larger than that of the feeds, indicating that the adsorption was
much less pronounced during filtration compared to the case
of positively charged dyes. Moreover, Figures 8c, d also
showed that membranes with larger ALD cycles always generated permeates with weaker characteristic peaks, confirming
their stronger retention capabilities.

Conclusions
In this work, we demonstrated a facile and effective method
to manufacture ceramic tubular NF membranes with tunable
size-sieving properties. TiO2 was ALD-deposited on ceramic
UF membranes with a pore size of 5 nm using TiCl4 and H2O
as precursors. By controlling the pulse durations of the precursors, the deposition was limited to take place mainly in the near
surface region in the selective layer of the UF substrate membranes. Due to the constant growth rate of TiO2 ALD at 0.5 Å/
cycle, the pore size of the membrane was precisely tuned by
varying the deposition cycle numbers. The membrane was significantly tightened to have a MWCO of 890 Da after merely
40 ALD cycles while its water permeability remained at a relatively high level of 32 Lm22h21bar21. Moreover, the separation properties of the membrane can be precisely tuned by
2676
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varying the deposition cycle numbers. For instance, by increasing cycle numbers to 50 and 60, the MWCO of the membrane
was reduced to 730 Da and 410 Da, respectively. The deposited membranes were further applied in rejection of dyes with
different molecular weights and charges. The positively charged
dyes tended to block the pores of the membranes due to severe
adsorption, while the negatively charged dyes can be effectively
rejected because of the narrowed pore size and the electrostatic
repulsion. The membrane with 40 ALD cycles exhibited a rejection rates higher than 93% for the negatively charged dyes with
the molecular weight of 1000 Da. Considering that ALD is a
versatile tool to deposit many different types of oxides, metals,
and even polymers on substrate membranes, we expect that this
method can be extended to prepare NF membranes with different material nature, for example, ZrO2, to enhance the performances or to endow additional functionality to the membranes.
We think that this strategy of controlling the ALD deposition in
the near-surface regions in the selective layers would be applicable in the manufacturing of other membranes, thus to tighten the
selectivity at minimum expense of permeation loss. Moreover,
although ALD was originally used in microelectronics. However, the emergence of new ALD operations, for example, the
customer-made large chambers,58 and the roll-to-roll process,59
reveals the great possibility for the continuous production of
membranes in large scale.
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