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Membrane separation is playing an increasingly important role in providing clean water and other resources to
our thirsty globe. In addition to preparation of new membranes, modification and functionalization to existing
membranes are frequently desired to maximize their performance. Among different strategies, the newly
emerged atomic layer deposition (ALD) is distinguished for its universality in upgrading of almost all types of
membranes independent of membrane structure and chemistry, as well as its striking capability of simulta-
neously enhancing selectivity and permeability. ALD is based on alternative reactions between gaseous pre-
cursors on solid surfaces including pore walls, and it deposits uniform and defect-free, angstrom-scale thin
coatings conformally along the substrate surface. In this Review, we first discuss the basic principles of ALD and
the early history of utilizing ALD to modify inorganic membranes for gas separation, and then analyze the ad-
vantages of applying ALD to upgrade membranes for water purification and gas separation. By directly ALD
depositing metal oxides onto membrane surface, the hydrophilicity, fouling resistance and other properties are
evidently improved. The (photo)catalysis, adsorption, antibacterial property, tunable wettability and other new
functions can be integrated into membrane separation by ALD. Alternatively, some inert polymeric membranes
are first subjected to surface activation, which greatly facilitating ALD processes and lowering the threshold for
ALD to break the trade-off effect. For inorganic membranes, ALD has also been used to adjust the pore sizes, or to
establish new separation layers to enhance the selectivity. We highlight recent progresses in ALD of polymeric
materials on inorganic and polymeric substrates, producing advanced membranes with new configurations.
Utilization of ALD to prepare or to functionalize new membranes, innovative ALD devices and processes, which
are essential for the mass production of ALD-upgraded membranes, are also discussed. We conclude this review
by discussing further development, challenges, and limitations of ALD-enabled membrane modification, func-
tionalization, and preparation. As ALD is originally designed for microelectronics, and is not known for long and
for many in the membrane community, we expect this review to inspire further attentions and research efforts
tackling urgent problems of membrane separation. Also, it may spark new wave of studies on ALD and other
advanced deposition technology toward next-generation membranes.

can be roughly divided into three main groups: inorganic membranes (e.
g. ceramic membranes), polymeric membranes (e.g. polyvinylidene

1. Introduction

With the merit of low costs, low carbon footprints, easy operation,
and strong adaptability, membrane separation has been widely used for
decades to provide clean water and other resources to industries and our
daily life [1-3]. The membrane is the core part of the whole separation
system and determines the performance of the separation process. De-
mands on membranes are keeping increasing, and a multibillion-dollar
market has already formed and is rapidly growing [4]. According to
the chemical nature of the membrane-forming materials, membranes
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fluoride (PVDF), polysulfone (PSF), and polyamide (PA) membranes),
and hybrid or composite membranes containing both polymeric and
inorganic components (e.g. mixed-matrix membranes). Typically,
membranes possess an asymmetric structure composed of a “dense”
separation layer and a “loose” support layer [5]. Generally, the ultrathin
separation layer has smaller pores, which reduces the mass transfer
resistance and guarantees the high selectivity during separation pro-
cesses. The support layer has high porosity and good mechanical
strength, which supports the separation layer and further reduces the
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Nomenclature PU polyuria
PAM polyazomethine
Methods abbreviations PES polyethersulfone
ALD atomic layer deposition PSF polysulfone
AALD atmospheric atomic layer deposition PDA polydopamine
CFD computational fluid dynamics PIMs polymers of intrinsic microporosity
CVD chemical vapor deposition PET polyethylene terephthalate
EDS energy dispersive spectroscopy PVDF polyvinylidene fluoride
MLD molecular layer deposition PTFE polytetrafluoroethylene

PVD physical vapor deposition
PEALD plasma-enhanced ALD
SIS sequential infiltration synthesis

SALD spatial atomic layer deposition
Material abbreviations

AZO aluminum-doped zinc oxide
AAO anodized aluminum oxide
BSA bovine serum albumin

CNTs carbon nanotubes

DEZ diethyl zinc

EG ethylene glycol

GO graphene oxide

h-BN hexagonal polymorph boron nitride
HDPE  high-density polyethylene

LLC lyotropic liquid crystal

MOFs metal organic frameworks

MPD m-phenylenediamine

NFAs nanofibrous aerogels
PA polyamide

PC polycarbonate

PI polyimide

PP polypropylene

PS polystyrene

Pd(hfac), palladium hexafluoroacetylacetonate
PEDOT  poly(3,4-ethylenedioxythiophene)
PS-b-P4VP polystyrene-block-poly(4-vinylpyridine)

RhB rhodamine B
SA sodium alginate
TMA trimethylaluminium

TMC trimesoyl chloride
TDMAT tetrakis(dimethylamido) titanium-(IV)
ZIFs zeolitic imidazolate frameworks

Other abbreviations

MF microfiltration

MWCO molecular-weight cut-off
NF nanofiltration

NPs nanoparticles

PWF pure water flux

PPHF PP hollow-fiber

RO reverse 0Smosis

R2R roll-to-roll

SCCM  standard cubic centimeter per minute
TFC thin-film composite

UF ultrafiltration

WCA water contact angle

transport resistance. The separation layer contacts feed solutions
directly, thus its physical and chemical properties have decisive impacts
on the separation process.

For separation layers, uniform pore size, high porosity, appropriate
wettability and some other properties are pursued to achieve desired
separation performance [6]. However, the separation layers of many
membranes only possess parts of these properties; as a result, surface
modification is frequently required [7]. Common surface modification
strategies mainly include chemical grafting [8,9], physical coating [7,
12], plasma activation [10,11], etc. These strategies are usually
material-specific, and are dependent on the chemistry of the membranes
to be modified. That is, one specific modification method is only
applicable to certain membranes with desired chemical properties, and
cannot be shared between different types of membranes. Moreover,
these modification strategies are usually “wet” as they are based on or at
least involved with reactions in liquid phases. Because of the surface
tension of liquids and unmatched wettability, liquids may not
completely access fine pores in membranes, thus leading to inhomoge-
neous modification. Excessive coating and deficient coating may occur
to the membrane pores (Fig. 1a). Consequently, conventional modifi-
cation methods are usually faced with challenges such as tedious pro-
cessing, non-uniformity, insufficient efficiency, pore blocking, and
effluent generation. Additionally, many membranes are prepared from
low-surface-energy polymers (e.g. polypropylene (PP), polytetrafluoro-
ethylene (PTFE), and PVDF), which are difficult to be modified by
common methods. To overcome these problems, some “dry” deposition
processes, such as chemical vapor deposition (CVD) [12,13], magnetron
sputtering [14], and initiated chemical vapor deposition [15] are used
for membrane modification. However, there are still some issues in these

deposition methods. Firstly, these methods are hard to deposit
conformal and uniform layers on substrates with complex structures,
especially the highly porous separation membranes. Secondly, the
thickness of the deposition layer is challenging to be precisely
controlled, facing the risk of blocking some small pores in the
membranes.

As an advanced gas-phase deposition method, atomic layer deposi-
tion (ALD) is a subclass of CVD and originates from two independent
paths, namely “atomic layer epitaxy” and “molecular layering” [16,17].
Compared to other deposition processes such as CVD and physical vapor
deposition (PVD), ALD is known as a self-limiting deposition process and
shows obvious differences. PVD is a physical process and requires only
one solid precursor. CVD and ALD are chemical deposition processes; at
least two precursors (solid, liquid, or gas) are required to complete the
deposition, and the precursors should be gasified and transported into
the reaction chamber. In CVD, two precursors are simultaneously and
continuously pulsed into the reaction chamber to conduct the deposi-
tion. In ALD, the precursors are sequentially pulsed in different steps.
Comparing with other two deposition methods, ALD can deposit film
with the highest quality but in a slower growth rate. Nevertheless, the
substrate surface coverage of PVD, CVD, and ALD is 50%, 60-80%, and
~100%, respectively [18]. The ALD can even modify the pores in the
substrates with high aspect ratio, which allows the deposition of uniform
and conformal films on substrates with highly complex structures [19],
thus it is considered as an ideal technology to construct continuous thin
coatings for many applications. With the rising of microelectronic in-
dustries, demands for high-quality thin films keep increasing and drive
the fast development of ALD [20]. In the past two decades, researchers
and engineers have explored the potentials of ALD and extended its
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Fig. 1. Modification, functionalization, and preparation of membranes by ALD. (a) Comparison of ALD and wet processes in the modification and functionalization of
membranes, and effects of ALD in the modification and functionalization of membranes; (b) Diagram of a typical ALD process for membrane modification. Step 1:
precursor A pulse; Step 2: inert gas purge; Step 3: precursor B pulse; Step 4: inert gas purge. The exposure step is an optional step, which can be added between the
pulse and purge steps; (c) Diagram of a typical ALD device working in the temporal mode.

applications into energy storage, batteries, solar cells, nanostructure
fabrication, catalysts and so on [21-25]. A typical ALD process generally
contains four steps: precursor A pulsing (Step 1), inert gas purge (Step
2), precursor B pulsing (Step 3), and another purge (Step 4), shown in
Fig. 1b. In Step 1, the precursor A (commonly metalorganics) is pulsed
into the reaction chamber and the molecules are chemically or physi-
cally adsorbed on the substrates. In Step 2, an inert gas (e.g. N or Ar) is
used to clean the chamber and bring excessive precursor A and
by-products out, thus a pure monolayer of adsorbed precursor A is left
behind. In Step 3, precursor B (co-reactants) is transported into the
chamber by inert gas, and then reacts with the adsorbed precursor A to
form a layer of target product. Finally, another purge step is conducted
in Step 4 to clean the chamber for the next deposition cycle. For
high-aspect-ratio substrates, an “exposure” step (to seal the precursor
molecules in the chamber for a prolonged duration) can be added be-
tween the pulse and purge steps, which allows the precursors to diffuse
into the small pores deep inside the substrates with enough time. All
these operations including pulsing, purging, and exposing involved in
ALD are automatically controlled by high-speed valves with the pre-
ciseness of in the time scale of milliseconds (Fig. 1c). With the appro-
priate precursor selection and right sequential procedure, the
self-limiting nature of ALD reactions is ensured and the composition
and thickness of deposition layers can be tuned precisely. Moreover,
multiple component films can be deposited by taking three or more
precursors into the deposition processes, which might further extend the
applications of ALD.

Due to the high reactivity of precursors, ALD can be applied on
almost any substrate surface, and this substrate-independent property
makes ALD a platform technology, which is particularly suitable to de-
posit membranes prepared from various materials. However, the

deposition mechanism of ALD on “active” (with extensive functional
groups, e.g. -NHs and —-OH) and “inert” (with almost no functional
groups) membranes is different. For “active” membranes, ALD pre-
cursors react with the abundant functional groups quickly, therefore,
uniform and conformal deposition layers are formed on the membrane
surface and pore walls. For “inert” membranes, although there are
barely no reactive sites on the surface, the precursor molecules infiltrate
into the subsurface region or material defects to nucleate. With more
ALD cycles, the nuclei exceed the subsurface region and then form
continuous layers on the membranes [26]. Combining the high reac-
tivity of precursors with low reaction temperature [27-30], ALD can be
conducted on temperature-sensitive membranes, which further ensures
the applicability of ALD in treating membranes, especially for those less
thermotolerant polymeric membranes.

The earliest research work of ALD on separation membranes can be
dated back to 1995. Kim and Gavalas used SiCl4 and H5O as precursors
to deposit SiOy on the porous Vycor glass for gas separation, and ob-
tained a selectivity of Hy towards Ny exceeding 2000 at the expense of a
modest reduction in Hy permeance [31]. In 2006, Triani et al. deposited
TiO3 on track-etched polycarbonate (PC) membranes, which was the
first representation utilizing ALD on polymeric membranes. This work
showed that the gas conductance of track-etched PC membranes could
be controlled by using ALD to adjust pore sizes [32]. In 2011, our group
reported the ALD modification of track-etched PC membranes for sep-
aration usages in water, and demonstrated the strong capability of ALD
in precisely tuning separation properties and improving wettability and
chemical stability of membranes. To the best of our knowledge, this is
the first time that ALD was employed to modify liquid-separation
membranes [33,34].

One of the most attractive advantages for ALD in membrane
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modification is that the pore size of membranes can be tailored at the
angstrom level. This feature endows ALD with the ability to upgrade the
separation precision of membranes, e.g. upgrading the microfiltration
membranes to ultrafiltration membranes. Both inorganic and polymeric
membranes can be upgraded by ALD modification [35-37]. McCool
et al. [35] demonstrated that the pore sizes of silica membranes were
reduced by ALD from mesoporous membranes (~3.6 nm) to micropo-
rous membranes (~1 nm). Liang et al. [38] confirmed that ALD could
precisely tune the pore size of cross-linked lyotropic liquid crystal (LLC)
membranes from 0.75 nm to 0.55 nm by only 10 cycles of deposition.
Meanwhile, ALD can confer stability, customized wettability, fouling
resistance, antimicrobial activity and other properties to membranes.
The synergy of these improvements may bring exciting consequences
into separation processes. For example, breaking the trade-off effect in
membranes is hardly achieved by other modification methods. In
contrast, ALD can realize the simultaneous promotion of selectivity and
permeability for both polymeric membranes and inorganic membranes
through the combination of pore size reduction and enhanced wetta-
bility. These results further confirm the great potential of ALD in
membrane modification and functionalization.

As a burgeoning field, increasing research works have appeared and
deepened our understandings on ALD-enabled membrane modification,
functionalization, and preparation. Not just a powerful tool to improve
the performance of membranes, ALD also provides a chance to reveal the
mechanism of how the physical and chemical properties of membrane
surfaces or pores influence the separation. It should be credited that
there are a few reviews of ALD on membranes have been published [34,
39,401, but most of them are focused on ALD of inorganic materials to
improve membrane performances. Little attention has been paid to ALD
of polymers on substrate membranes although polymer-deposited
membranes exhibited excellent performances. Moreover, some mile-
stone progresses achieved in the past few years, for example, ALD
application to hollow-fiber membranes, are not included. In this Review,
we summarize and analyze studies on ALD-enabled modification,
functionalization, and preparation of separation membranes for water
purification and gas separation. This Review is organized basically ac-
cording to the material nature of the membranes to be ALD treated:
polymeric membranes and inorganic membranes. As the majority of
works of ALD on membranes is dealing with ALD of metal oxides on
polymeric membranes, ALD on polymeric membranes are split into three
sections with different focuses. In addition, ALD of polymers and
emerging materials on either polymeric or inorganic membranes is
newly realized but highly promising, and it is highlighted as two sepa-
rated sections. This Review aims to show how ALD improves the per-
formance of existing membranes and to prepare new membranes. We
expect that this Review can provide clear insights into the ALD-based
processes of membrane modification, functionalization and prepara-
tion, and attract more interests to solve the bottlenecks in the large-scale
application of ALD in the membrane field, thus pushing forward the
industrialization of ALD-upgraded membranes.

2. Effects of ALD to membranes

Benefiting from the self-limiting nature and all-gas-phase reactions,
ALD can construct deposition layers on both the outer surface and the
inner pore walls of membranes with extraordinary uniformity, con-
formality and precision. With the continuous progresses in precursor
synthesis and process development of ALD, the number of materials
which can be prepared by ALD keeps expanding. To date, metals, oxides,
metal nitrides, metal sulfides, polymers, metal organic frameworks
(MOFs), multicomponent hybrid materials, and many other materials
have been successfully synthesized via ALD [41]. In general, the effects
of ALD to a membrane can be classified into three main aspects: (1)
modification, i.e. changing the properties of the membrane [42-47], (2)
functionalization, i.e. providing new functions to the membrane
[48-51]1, (3) preparation, i.e. building new separation layers on
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substrates [52-56] (Fig. 1a). Specifically, the roles of ALD playing in
treating membranes can be summarized as the following ones (Fig. 1a):

e Tuning pore size;

Regulating wettability;

Improving fouling resistance;
Enhancing mechanical robustness;
Improving chemical stability;
Enabling (photo)catalytic properties;
Building transitional layers;
Synthesizing selective layers.

3. ALD of metal oxides on polymeric membranes for direct
modification

As the majority of currently used membranes are polymeric ones,
most works on ALD-enabled membrane modification are concentrated
on polymeric membranes. For the deposited materials, metal oxides,
mainly Al,O3, TiO3, and ZnO, are most extensively ALD-deposited on
various polymeric membranes for two reasons. One is that these oxides
can be easily deposited at fast rates from affordable precursors, and the
other is that they show multiple effects in the modification of polymeric
membranes. A number of studies have demonstrated that ALD is a
generic and efficient strategy to modify almost every type of polymeric
membranes. In the ALD-modified polymeric membranes, enhanced
performance and new functions are observed, and even the troublesome
trade-off effect can be overcome.

3.1. Breaking the trade-off effect

The most striking merit of ALD for polymeric membrane modifica-
tion is the ability to break the trade-off effect, which means that the
selectivity and permeability of membranes can be simultaneously pro-
moted. Xu et al. [42] deposited Al;03 on PTFE membranes and effi-
ciently hydrophilized the membranes. With increasing ALD cycles, the
Al,O3 granules appeared on the surface of PTFE membranes and the
diameter of the fibrils composed of the membranes was gradually
increased. After deposited with certain ALD cycles, the fibrils were
totally coated by Al;O3 and the effective pore size was significantly
reduced (Fig. 2a). After 500 cycles of ALD deposition, the water contact
angle of PTFE membranes was decreased from ~130° to <20°.
Benefiting from the hydrophilized surface and the narrowed pore size,
the pure water flux (PWF) and retention towards 190-nm polystyrene
(PS) nanospheres of the modified PTFE membranes were increased by
67.7% and 11.4%, respectively (Fig. 2b). This work clearly demonstrates
that ALD is able to efficiently break the long-standing trade-off effect of
polymeric membranes. This result was confirmed by other researchers
depositing different materials on other membranes. As shown in
Fig. 2c—d, after conformally deposited with TiO,, PVDF membranes
exhibited progressively reduced water contact angles, and simulta-
neously improved selectivity and permeability [43]. Simultaneous in-
crease in water permeance and rejection has also been realized in
hollow-fiber membranes subjected to appropriate ALD treatment [44,
45], which will be discussed in the following section. Additionally,
inorganic membranes may also suffer from the trade-off effect, which
can be similarly overcome by ALD with suitable materials [57]. We
summarize the reported cases of breaking the trade-off effect of mem-
branes by ALD deposition in Table 1.

The size, size distribution, and chemistry of pores play significant
roles in determining the selectivity and permeability of a membrane,
and synergetic tuning of these factors may break the trade-off effect. The
competing effect of pore size reduction and surface hydrophilization is
the main reason for ALD of metal oxides to break the trade-off effect of
hydrophobic membranes. With increasing ALD cycles, the membrane
pores are gradually narrowed, which will enhance the selectivity on one
hand while increase the transport resistance on the other. However, the
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Fig. 2. ALD of metal oxides on polymeric membranes to break the trade-off between permeability and selectivity. (a) SEM images of the pristine and Al,03-deposited
PTFE membranes with various ALD cycles; (b) PWF and retention towards 190-nm PS nanospheres of PTFE membranes subjected to Al,O3 deposition with various
ALD cycles [42]; (c) Water contact angles; (d) PWF and retention towards bovine serum albumin (BSA) of PVDF membranes subjected to TiO, deposition with various

ALD cycles [43].

Table 1

Reported cases of breaking the trade-off effect of membranes by ALD deposition.
Membrane material Separation process Deposited material ALD cycles Increment Ref.

Permeance Rejection
PTFE MF Al,03 100 67.7% 11.4% [42]
PVDF UF TiO, 120 171.4% 72.7% [43]
PP hollow fibers UF Al,03 50 17% ~100% [44]
PTFE hollow fiber UF Al,03 100 96% 21.1% [45]
Graphene oxide NF Al,O3 9 107% 36.6% [571
PP, plasma-activated UF TiOy 200 22% 213% [58]
PTFE, plasma-activated MF TiO, 150 154% ~100% [59]
PP, UF Al,03, TiO, 100 ~100% - [60]
Nitric acid-activated

PVDF, UF ZnO 100 ~230% 32.9% [61]

NO,-activated

permeability is regulated by the competition between pore size and
surface wettability. Compared to other strategies to improve the hy-
drophilicity of membranes, ALD renders strong hydrophilicity to mem-
brane pores at a slight expense of reduction in pore sizes because the
ALD-deposited layers are conformally coated along the pore walls
with a very thin thickness. Therefore, the strong enhancement in hy-
drophilicity significantly facilitates water transport while the small
reduction in pore sizes leads to a slight decrease in water permeance and
a more obvious increase in rejection. Consequently, the membranes
subjected to suitable ALD of metal oxides exhibit simultaneously
improved permeability and rejection. Generally, metal oxides have
higher surface energy and better hydrophilicity than polymers. After
coated by metal oxides, the hydrophobic polymeric membranes are

hydrophilized. Within proper ALD cycles, the positive impact from the
hydrophilization is stronger than the negative impact from the pore
shrinkage, so the permeability and selectivity are enhanced simulta-
neously. It should be noted that breaking of the trade-off effect is more
evident for membranes prepared from inert polymers such as PTFE and
PP [42-45,57] because they will have a profound transition from strong
hydrophobicity to hydrophilicity after ALD of metal oxides.

3.2. Boosting separation performance

Although we wish that both selectivity and permeability can be
promoted by ALD, it is still worthwhile to slightly sacrifice permeability
to obtain a great promotion in selectivity or other desired properties, or
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vice versa. Thus, the fouling resistance, mechanical robustness, chemical
stability and other properties can be enhanced along with the modifi-
cation. Metal oxides have been generally used to enhance the hydro-
philicity and chemical stability of polymeric membranes. Li et al. [33]
deposited uniform and conformal Al;Os layers on track-etched PC
membranes. With increasing ALD cycles, the hydrophilicity of
track-etched PC membranes was enhanced and the pore size was grad-
ually narrowed with the rate of 0.8 A per cycle (Fig. 3a), thus the protein
retention was enhanced. Moreover, the deposited PC membranes sur-
vived from the 5% HCI solution and 1% chloroform ethanolic solution,
implying a strongly improved chemical stability. Alam et al. [62]
deposited TiO; on polyethersulfone (PES) membranes to improve their
desalination performance. The NaCl rejection of PES membranes was
increased from ~20% to more than 90% at the expense of only ~22%
decline in flux. After deposition, the “ridge-and-valley” structure on the
membrane surface was coated with TiO5 layers and the roughness was
reduced. The mechanical properties, surface hydrophilicity and fouling
resistance of the PES membranes were also enhanced after deposition.
Due to the hydrophobic nature of polymer materials, polymeric

A = Q
Pristine membranes’
Q 6 A

ALD

= /-
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membranes are easily fouled by pollutants in separation, which will
increase operation costs and decrease the service life of membranes.
Therefore, modifications are usually required to improve the fouling
resistance of membranes. Typically, the fouling resistance can be
enhanced along with the improvement of hydrophilicity. Metal oxides
including TiO», Al;03 and ZnO were usually used to enhance the fouling
resistance of polymeric membranes [46]. Benefiting from the
self-limiting property of ALD, metal oxides coated on the pore wall
uniformly, ignoring the complex structure of membranes (Fig. 3b).
Owing to the smoother surface and better hydrophilicity, the
ZnO-deposited PVDF membrane exhibited an excellent fouling resis-
tance, and its static adsorption towards protein and polysaccharide was
decreased by 43.2% and 73.0%, respectively. Thermodynamic investi-
gation further confirmed that the ZnO deposition layer had the lowest
spontaneous possibility to adsorb contaminants. To clearly illustrate the
mechanism, the extended Derjaguin-Landau-Verwey-Overbeek theory
was employed to analyze the fouling resistance improvement observed
on ZnO deposited PVDF membranes [63]. It was revealed that the
repulsive energy between the target contaminant (sodium alginate, SA)

R :ae.r
Rk

N\

300 cycles

(b) pristine PVDF

(c) )

Fig. 3. ALD of metal oxides to enhance the performance of polymeric membranes. (a) The diagram and SEM images of uniform Al,O3 layers deposited on the track-
etched PC membranes [33]; (b) Conformal metal oxides layers deposited on the porous PVDF membranes [46]; (c) The morphology and Al,O3 distribution cross the
fiber wall of PP hollow-fibers membranes subjected to ALD of Al,O3 for 200 cycles [44].
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and the membrane was raised after ZnO deposition, while the attractive
energy between them was weakened. Therefore, the anti-fouling ability
of the membrane was enhanced. Moreover, uniform ZnO layers
decreased the attachment of SA molecules, which further improved the
fouling resistance. That is, after deposition with hydrophilic metal ox-
ides, the interaction between membrane surface and contaminants is
weakened, and the uniform deposition layer will greatly reduce the
physical adhesion of contaminants. Consequently, the fouling resistance
of polymeric membranes is efficiently improved by ALD of metal oxides.

In addition to the flat-sheet polymeric membranes, ALD can also be
used to modify hollow-fiber membranes and improve their separation
performance. Jia et al. [44] used ALD to modify porous PP hollow-fiber
(PPHF) membranes. With 200 cycles of Al;03 deposition, the Al element
could be detected throughout the hollow fibers including the inner
walls, implying that ALD was also applicable to the modification of
hollow-fiber membranes although they possess a less accessible config-
uration. However, the Al element density was decreased gradually in-
ward the tube wall (Fig. 3c). This was ascribed to the reduced diffusion
of precursors through the membranes as the pores in the hollow-fiber
membranes kept shrinking with rising ALD cycles. After deposited
with certain cycles of Al;O3, the water flux and rejection towards BSA of
the PPHF membranes were both increased. Importantly, ALD enhances
the mechanical strength of the PPHF membranes. The elongation at
break of the membranes was increased by more than 6 times after
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deposition. Due to the high reactivity and subsurface nucleation mech-
anism, the precursor, trimethylaluminium (TMA), might react with the
polymer chains and form C-Al-C bonds, thus the mechanical strength of
the membranes was enhanced [64]. In the ALD of membranes, many
parameters (e.g. precursor dosage, purge time, reaction temperature,
and reaction pressure) influence the deposited effect as well as the
performance of the deposited membranes. Therefore, optimization of
the deposition parameters might be tedious and labor-consuming. To
solve this problem, Xiong et al. [45] used computational fluid dynamics
(CFD) to screen the deposition parameters in the modification of
hollow-fiber PP membranes. Simulation results showed that the reaction
pressure (related to precursor dosage), fluid flow (related to precursor
distribution), and substrates reactivity had significant influences on ALD
deposition. Under CFD-optimized deposition parameters, the pure water
flux and rejection towards 22-nm SiO5 microspheres of the hollow-fiber
membranes were increased by 96% and 21% after deposition, respec-
tively. Moreover, the deposited membranes exhibited an obvious
decrement in static adsorption of BSA.

3.3. Enabling new functions

By choosing appropriate ALD precursors and deposition processes,
various materials and structures can be directly deposited on polymeric
membranes to achieve new functions beyond membrane separation. The

Fig. 4. ALD of metal oxides to endow new
functions to polymeric membranes. (a) The
structure and light-induced hydrophilicity of
ALD-modified PVDF membranes and the
photocatalysis mechanism of TiO,/ZnO type
II heterostructures [48]; (b) The bacteria
attachment of AZO50 membranes under —1
V and the application diagram of conductive
membranes [49]; (c) Speculated mechanisms
of oil on the surfaces of pristine PVDF
membranes and membranes ALD-coated
with different metal oxides [51].
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photocatalytic property can be directly obtained for membranes
deposited with semiconducting oxides such as TiO2 and ZnO. Li et al.
[48] utilized ALD to deposit 3D TiO5/ZnO type II heterostructure on
PVDF membranes, which endowed the membranes with light-induced
hydrophilicity and photocatalytic ability (Fig. 4a). With the optimum
ALD sequence (1 cycle of TiO5 and 3 cycles of ZnO), the water contact
angle (WCA) was decreased by 82.6% and the flux was increased by
33.5% after light irradiation. The TiO/ZnO type II heterostructures on
PVDF membranes removed ~80% methylene blue under visible light
irradiation. Moreover, the fouling resistance of the deposited mem-
branes was also improved. The morphology of ALD-deposited metal
oxides is influenced by many factors such as interactions between pre-
cursors and substrates, deposition temperature, precursor dosage, and
deposition mode. By controlling the precursor dosage and deposition
mode, ZnO was deposited on the electrospun nylon nanofibrous mem-
branes with different morphologies, i.e. ZnO nanoparticles (NPs), highly
dense ZnO NPs, and 27-nm thick ZnO layer, which endowed the mem-
branes with varied photocatalytic activities [65]. All the ZnO-deposited
membranes could degrade rhodamine B (RhB) under UV irradiation, and
the membranes coated with highly dense ZnO NPs showed the best
performance because of the higher surface roughness and surface area.
Except for the photocatalytic function, ALD can also introduce electro-
chemical activity to membranes. Yang et al. [49] used ALD to deposit
conductive aluminum-doped zinc oxide (AZO) layers onto PVDF mem-
branes to enhance the fouling resistance (Fig. 4b). One layer of AZO was
prepared by 20 cycles of ZnO deposition and subsequent 1 cycle of Al,O3
deposition. To avoid corrosion in water, a thin layer of TiOs (~11 nm)
was ALD-coated on the AZO surface as the protective layer (inset in
Fig. 4b), which endowed the AZO films with excellent stability and
exhibited no corrosion in water for 7 days. The thicker AZO films
showed better electrochemical performance but worse permeability.
The bacterial attachment on the membrane with 50 AZO layers was 72%
lower than the pristine PVDF membrane. After applying a 1.5 V voltage
onto the AZO50 membranes, the bacterial attachment was further
decreased to 86%. Other functions such as adsorption can also be ob-
tained depending on the nature of the deposited materials. Xiong et al.
[50] deposited ZnO on PTFE membranes and bestowed the membranes
on the ability of dye adsorption. Adsorption tests showed that the
deposited PTFE membranes removed both positively charged RhB and
negatively charged Acid Orange 7 molecules from water with satisfying
efficiency. The deposited PTFE membranes showed no obvious perfor-
mance degradation after reused for several times. The functions enabled
by ALD to membranes are summarized in Table 2.

ALD of metal oxides on polymeric membranes may significantly
change the wettability of polymeric membranes. Interestingly, the
change in wettability can be in the opposite way. In most cases,
deposited oxides convert originally hydrophobic surfaces to be strongly
hydrophilic, thus enabling an oil/water separation function to the
membrane by preferentially allowing water to pass. Oil-containing
wastewaters are hard to be treated by conventional polymeric mem-
branes. This is because the membranes are easily fouled by viscous and

Table 2
New functions of membranes enabled by ALD.
Membranes Deposited Function Ref.
materials
PVDF TiO2/Zn0O Fouling resistance; [48]
Photocatalysis
Nylon nanofibers ZnO Photocatalysis [65]
PVDF Al;03-doped ZnO/ Fouling resistance; [49]
TiO, Conductivity
PTFE ZnO Adsorption
PVDF Al503, ZnO, TiO,, Oil repellency [51]
SnO,
PP nonwovens TiO, Oil repellency [66]
EVOH nanofibrous Al,03 Oil absorption [67]

aerogels
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hydrophobic oils, which will lead to severe flux reduction and lifetime
decay. By depositing Aly03, ZnO, TiO3, or SnO; layers with a thickness
of only ~10 nm on PVDF membranes, Yang et al. [51] endowed PVDF
membranes with strong oleophobicity. Experiments and molecular dy-
namic simulation showed that the TiO»- and SnO»-deposited membranes
had tightly bound hydration layers on the surface, thus a water cushion
formed on the membranes to cut the interaction between oil and
membrane surface. The totally hydrated membranes utilized the
immiscibility between water and oil to acquire excellent
crude-oil-repellent property (Fig. 4c). Further, even superhydrophilicity
can be obtained by ALD of metal oxides on polymeric substrates with
particularly roughed surfaces. Li et al. [66] deposited TiO, layers onto
PP nonwovens, which endowed the originally hydrophobic PP non-
wovens with superhydrophilicity and underwater superoleophobicity.
Due to the customized wettability, the deposited PP nonwovens showed
a self-cleaning capacity which removed the attached organic solvents
only by water washing. The deposited PP nonwovens also inherited the
chemical stability from TiOs and could be used in harsh solutions.
Counterintuitively, ALD of metal oxides may also turn hydrophilic
membranes to be hydrophobic. By depositing few cycles of Al;03 or TiO»
onto cellulose-based nanopaper membranes, the C-C/C-H bonds on the
membrane surface were increased, thus turning the initially hydrophilic
membranes to hydrophobic [68]. The increasing C-C/C-H bonds came
from the unreacted methyl groups of organometallic precursors, or
adsorbed adventitious carbon on the membrane surface after deposition.
The deposited membranes withstood harsh sonicating treatments both
in nonpolar organic solvents and in water. Density functional theory
calculation exhibited that the strength of the hydrogen bond between
celluloses was enhanced by the M-OH terminations on metal oxides,
thus decreasing the hydration effect between fibrils and solvents and
consequently enhancing the robustness of cellulose membranes. The
modified membranes showed strong resistance towards water and
strong affinity towards oil like n-hexane, which suggested their potential
applications in oil/water separation.

Interestingly, metal oxides deposited on polymeric substrates may
show variable wettability depending on the amount of the deposited
oxides, that is, the ALD cycle numbers. After deposition of Al;Os, the
thermal and mechanical properties of poly(vinyl alcohol-co-ethylene)
(EVOH) nanofibrous aerogels (NFAs) were strengthened [67]. The
Al;O3 deposition layer on the surface or inner parts of the aerogels
showed no difference after 100 cycles of deposition. This result
confirmed that ALD could deposit uniform films onto the highly porous
substrates. It was worth noting that the aerogels exhibited hydropho-
bicity with lower ALD cycles (<8 cycles) and hydrophilicity with higher
ALD cycles (>8 cycles). There were structural and chemical reasons for
this wettability transition. With less ALD cycles (<7 cycles), the Al;03
preferred to be deposited as small bulges on the fibrils. Combining the
rough fibrils and highly porous NFAs, hierarchical structures were
constructed to store more air and enhanced the hydrophobicity of the
EVOH NFAs. With more ALD cycles, the C-OH bonds on NFAs were
gradually turned into hydrophilic Al,O3, and the hierarchical structures
were slowly destroyed by the forming of uniform Al,O3 deposition
layers, thus the WCAs decreased with more ALD cycles. The aerogels
underwent 6 cycles of ALD exhibited the strongest hydrophobicity,
while the aerogels with 8 cycles of ALD began wettability transforming.
Meanwhile, the 6-cycle-deposited aerogels had high deformability and
excellent elastic resilience, which maintained 70% of the initial
maximum stress and Young’s modulus after 500 cycles of stress-strain
tests. Considering the excellent mechanical stability and strong hydro-
phobicity, the 6-cycle-deposited aerogels were high-performance oil
absorbents, which exhibited uptake capacities from 31 to 73 g g™ to-
wards different organic solvents with superior reusability. We note that
this work it is not directly dealing with membranes. However, the
strategy to tune the wettability by ALD cycles can be readily extended to
prepare functional membranes with switchable wettability.
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3.4. Upgrading NF and RO membranes

It is interesting to note that most works on the ALD modification/
functionalization of membranes have been concentrated on micro-
filtration (MF) and ultrafiltration (UF) membranes, while much less
attention is paid to nanofiltration (NF) and reverse osmosis (RO)
membranes. Nikkola et al. [69] reported the first work on ALD modifi-
cation of RO membranes. They found that the membrane deposited at a
lower temperature (70°C) exhibited a more hydrophilic surface, which
endowed the RO membrane with better fouling resistance and higher
permeability. Although the NaCl rejection was decreased from 95.5% to
89.7% after 10 cycles of Al,O3 deposition at 70°C, the salt solution flux
was increased from 5.50 to 15.05 L-m~2-h~L. Zhou et al. [70] made a
systematic investigation on the effect of ALD deposition of TiO2 on the
performance of commercial polyamide NF and RO membranes. They
used tetrakis(dimethylamido) titanium-(IV) (TDMAT) as the precursor.
As shown in Fig. 5a, due to the size differences (NF membrane pore >
TDMAT > RO membrane pore), the TDMAT molecules had access to the
NF membrane pores, while were restricted to the RO membrane surface.
Therefore, the pore reduction effect by ALD in NF membranes was more
obvious than in RO membranes. NF membranes showed reduced pore
size and increased rejection towards NaCl and CaCl, after merely 5 cy-
cles of deposition. This is in stark contrast in the ALD modification of MF
and UF membranes, which typically requires several hundreds of ALD
cycles to evidently reduce the pore sizes and thus to tighten the rejec-
tion. For RO membranes, both the permeability (increased by less than
3%) and NaCl rejection (decreased from 99.8% to 99.5%) were changed
very little within 5 cycles of deposition. However, the surface charging
property of RO membranes was changed and the fouling resistance was
enhanced. Another work also showed that ALD of metal oxides on NF
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membranes enhanced the reversible fouling resistance and water flux
without sacrifice of ion removal efficiencies [71].

In addition to directly deposit metal oxides on existing RO mem-
branes, ALD can also be involved in the formation of thin-film composite
(TFC) RO membranes to improve the separation performance. Zarshenas
etal. [72] utilized ALD to deposit uniform TiO5 layers onto PES substrate
membranes as an intermediate layer between the PA selective layer and
the substrate. Owing to the precise thickness control and the subsurface
growth mechanism of metal oxides on polymeric substrates during ALD,
the nanoscale TiO; layers firmly adhered to the PES substrates. After
TiO deposition, the hydrophilicity, chemical and physical stabilities of
PES membranes were enhanced. Meanwhile, the affinity between amine
monomer and PES membranes was also improved by the TiO5 layers. As
a consequence, after 100 cycles of TiOy deposition and interfacial
polymerization of PA, TFC membranes with thinner and smoother PA
active layers were obtained (Fig. 5b). Compared to the counterpart
without the TiO, intermediate layer, the permeance and salt rejection of
thus-prepared membrane were increased by ~29% and ~4%, respec-
tively. As demonstrated by these results, ALD is particularly suitable and
highly efficient for the modification of NF and RO membranes because of
its atomic level precision in tuning the thickness of the depositing layers.
Owing to the extremely small pore size (<2 nm) of NF membranes and
the compact PA layer of RO membranes, only few cycles of ALD are
enough to complete the modification and enhance the performance of
membranes. However, due to the dimension difference between ALD
precursors and NF/RO membrane pore size, the deposition layers can be
deposited on surfaces and into pores of the NF membranes, while only on
surfaces of the RO membranes. Therefore, the improvements of NF
membranes are in the similar mechanism with the MF/UF membranes,
while the improvements of RO membranes are originated from the
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Fig. 5. ALD of metal oxides to improve the performance of NF and RO membranes. (a) Schematic illustration of TiO, ALD on RO and NF membranes [70]; (b)
Uniform TiO, layers deposited on the PES membranes as intermediate layers and improved performance of the TFC RO membranes [72].
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change of surface properties. It should be noted that the highly hydrated
structures of NF and RO membranes might not withstand the high
deposition temperature or vacuum environment during the ALD process,
which will cause severe structure destruction and irretrievable perfor-
mance degradation. Therefore, careful selection of deposition parame-
ters or pretreatment to stabilize the vulnerable PA layers is necessary to
ensure the performance of the deposited NF and RO membranes.
Moreover, using ALD to modify the surface and structure of substrates of
NF/RO membranes and thus to influence the interfacial polymerization
process may be an indirect but effective way to improve the performance
of these membranes.

4. ALD on surface-activated polymeric membranes

Although ALD can be conducted on almost any polymeric substrates,
activated membrane surfaces can provide more reactive sites and
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require low ALD cycles to form conformal and continuous films than
inert membranes. Therefore, pretreatments to activate membrane sur-
faces will greatly lower the threshold for ALD to break the trade-off
effect. Among all activation methods, plasma and acid oxidation treat-
ments are commonly used to pretreat polymeric membranes before ALD.
To explore the difference between PP membranes with and without
plasma activation, Xu et al. conducted TiO, deposition on pristine and
plasma-activated PP membranes [58]. Different from the pristine
membrane, there was no nucleation stage during ALD on the
plasma-activated membrane. The TiO, layers exhibited smoother sur-
faces at the very initial stage. Due to the rapid growth rate and smooth
surface, the activated membranes exhibited obvious hydrophilization
effects (Fig. 6a). The rejection of the membranes towards 22-nm SiOy
nanospheres was increased from ~30% to ~100%, and the flux
exhibited a 22% increment after 200 cycles of deposition, showing the
efficiency of surface activation and confirming again the ability of ALD
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to break the trade-off between permeability and selectivity. The signif-
icant role of surface activation by plasma in facilitating the ALD process
on PP membranes was confirmed in another work. Chen et al. [73]
demonstrated that the plasma-activated PP membranes (used as sepa-
rators of lithium-ion batteries) required only 20 cycles of ALD to achieve
conformal deposition of TiO9 while the pristine PP membrane required
500 cycles. Except for PP membranes, PTFE membranes with extremely
inert surface could also be easily modified by the same “plasma acti-
vation + TiOy ALD” strategy [59]. In order to simplify the activation
process, Chen et al. [60] utilized nitric acid oxidation to activate the PP
membranes instead of plasma activation. The nitric acid oxidation
generated oxygen- or nitrogen-containing functional groups on the PP
membranes, which provided rich sites for the rapid surface growth of
metal oxides in the ALD mode. The flux of the modified membranes was
doubled after Al;O3 or TiO5 deposition and their rejection remained
unchanged. Note that the Al,O3-deposited membranes exhibited higher
flux increment than the TiO,-deposited ones because of the faster
growth rate of Al,O3 and the stronger hydrophilicity of the Al,O3-de-
posited surface. NO, has also been used to activate polymeric mem-
branes. To improve the compatibility between the activation layer and
the deposition layer, Li et al. [61] used NOj to activate PVDF membranes
and then reacted with diethyl zinc (DEZ) to form ultrathin “ZnO-like”
layers as the activation layer. Comparing with directly depositing ZnO
on PVDF membranes, their activated membranes showed higher
permeability, better hydrophilicity, larger reduction in pore size, and
smoother surface (Fig. 6b). The flux and BSA rejection of the original
PVDF membrane were 1594 L-m~2h~1bar ' and 73%, respectively.
After activation and 100 cycles of ALD deposition, the membrane
exhibited a remarkably high flux of 5261 L-m 2h 1.bar ! and a BSA
rejection of 97%. In contrast, the flux and BSA rejection of the directly
deposited membrane were lower than 2000 L-m 2h !'bar ! and 85%,
respectively.

Polyphenol coating is a more generic strategy to provide active
groups to membrane substrates. Polyphenol can strongly bind with
almost every type of polymeric membranes and the active groups will
provide considerable reactive sites for the following ALD processes.
DeStefano et al. [74] coated a layer of polydopamine (PDA) on PVDF
membranes and subsequently deposited TiO, on the PDA-coated mem-
branes. The nonlinear modification result was quite different from the
plasma- or oxidation-activated membranes. The WCAs of membranes
reached 69° after 60 cycles of TiO, deposition, while the WCA was
sharply decreased to ~20° after 75 cycles of deposition, and was then
increased to 40-50° after 90 cycles of deposition. This is because the
surface property of ALD-modified membranes is determined by the
interplay of the chemistry, structure of the deposited materials, as well
as the surface chemistry of the substrates. Yang et al. [75] coated
polyphenols on hydrophobic PVDF membranes and then conducted TiOy
ALD on the membranes. Comparing with the membranes only modified
by ALD, the PVDF membranes treated with tannic acid sensitization and
ALD exhibited outstanding underwater oleophobicity with good me-
chanical robustness. The modified membranes were used to separate
crude oil-in-water solutions with high efficiencies and outstanding
reusability. Although surface activation requires additional efforts and
sometimes is tedious, it is significant or even indispensable to the
low-surface-energy polymeric membranes. As we discussed above, with
sufficient reactive sites, the ALD process on polymeric membranes can
skip the time-consuming nucleation and grain growth stage, thus
forming uniform films rapidly. Consequently, the efforts to perform
surface activation are rewarded by the significantly reduced deposition
durations as well as the higher quality of the deposition films.

5. ALD on polymeric membranes for indirect functionalization
ALD-deposited materials may exhibit additional activities to allow

further modifications, or can be used as substrate materials to construct
new functional layers on the membrane matrices. Therefore, utilizing
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ALD-deposited materials in an indirect way may bridge the gap between
the polymeric membranes and new functional layers to prepare high-
performance membranes or empower new functions. An interesting
example is using ALD-deposited nanoparticles as seeds to grow one-
dimensional structures. PTFE membranes have been widely used in
gas purification processes because of their high gas permeation and
stability (chemical, mechanical, and thermal) [76]. However, this usage
of PTFE membranes is facing some challenges. Firstly, the membrane
pores may be blocked by small particles carried in the gas during the
separation processes, thus sharply decreasing the gas flux. Secondly, the
membranes are easily fouled by microorganisms due to the inherent
strong hydrophobicity. Thirdly, there are some inevitable molecular
contaminants in the polluted gases, which cannot be purified by the
separation effect of PTFE membranes. To solve these problems, Zhong
et al. [77] deposited ZnO on PTFE membranes as seed layers to hydro-
thermally grow aligned ZnO nanorods (Fig. 7a). The airborne nanosized
and microsized particles were trapped by the ZnO nanorods, while the
voids between ZnO nanorods allowed air to flow through the membrane
with low resistance. Moreover, the ZnO nanorods with antibacterial
activity sterilized 99% Gram-positive and -negative bacteria. To further
enhance the antibacterial property of PTFE membranes, Ag nano-
particles were loaded onto the ZnO nanorods and the dynamic anti-
bacterial efficiency of this PTFE membrane was increased to ~100%
[78]. Moreover, PTFE membranes functionalized with ZnO nanorods
exhibited a 53% degradation efficiency to formaldehyde under UV
irradiation, and its efficiency reached 60% after further coated with Ag
particles. Similarly, Zhang et al. [79] used ALD to deposit TiO2 nano-
particles on PTFE UF membranes, then turned TiO, nanoparticles into
arrays of nanorods by solvothermal synthesis. After 200 cycles of TiO;
deposition and solvothermal growth, both the antibacterial properties
and hydrophilicity of the modified PTFE membranes were enhanced,
empowering the PTFE membranes excellent reusability in wastewater
treatments (Fig. 7b). The bacteria attachment on thus-functionalized
PTFE membrane was significantly reduced to 3.3% of that of the pris-
tine one. Meanwhile, the sharp TiO; arrays could puncture the bacteria
and cause the death of most bacteria. When exposed to sunlight, TiO;
arrays coated on PTFE membranes generated hydroxyl radicals and
further improved the antibacterial activity of the PTFE membrane.

Kong et al. [80] prepared low-cost oil/water separation membranes
by ALD depositing Al,Os3 on filter papers as functional layers followed by
modifying the Al,O3 layers with silane coupling agents. Thus-treated
filter papers exhibited strong hydrophobicity and oleophilicity, which
were used to separate various oil/water mixtures and showed overall
removal efficiencies higher than 90%. Xiong et al. [81] deposited ZnO
on the polyethylene terephthalate (PET) nonwoven fabrics as seed layers
to grow ZnO nanorods. Due to the amphiphilicity and hierarchical
structure of the ZnO nanorods, water or oil was stored in the “forest” of
ZnO nanorods and formed stable liquid films, thus the modified mem-
branes acquired the ability to separate water and oil (Fig. 7c). Because of
the immiscibility between water and oil, the water liquid film on the
membrane surface separated water from the mixture and vice versa. This
idea was also used on copper meshes to fabricate membranes decorated
with densely grown ZnO nanowires [82]. By using gravity as the driven
force, the nanostructured mesh membranes exhibited a high separation
efficiency (>99.7%) as well as a flux up to 4.0 x 10°L-m~2h~ L. Huang
et al. [83] used nanoprinted PTFE membranes as substrates for TiO5
deposition, and then fluorinated the deposited membranes with
fluorine-containing silanes. Benefitting from the rough structure and
low surface energy, the functionalized membranes exhibited superior
omniphobicity and consequently excellent performance in membrane
distillation. The membranes showed a high flux of 34 L m™2 h™! and
~100% salt rejection with impressive durability and stability, and
~91% of the initial flux was preserved after 3 cycles of fouling-cleaning
tests.

Metal alkoxides as a new form of inorganic-organic hybrid materials
which can be deposited by ALD, have also been used intermediates to
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functionalize membranes. By heating or solvent etching, these hybrid
materials will lose their organic components, leading to porous struc-
tures of metal oxide structures [84,85]. Based on the transition from
dense metal alkoxides to microporous metal oxides, new separation
layers can be constructed on substrate membranes. Chaudhury et al.
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Fig. 7. ALD of transition layers on poly-
meric membranes to render new functions.
(a) The SEM images of the pristine, ALD-
seeded, and ZnO-nanorods-grown PTFE
membranes and the separation mechanism
of the functionalized PTFE membranes [77];
(b) The morphology of bacteria on the sur-
face of PTFE membranes subjected to
different treatments and the reusability tests
of the pristine and functionalized PTFE
membranes [79]; (c) The water and oil films
formed on the surface of the PET nonwoven
membrane to separate water or oil from
water/oil mixture. The inset showed the ZnO
nanostructures on the modified membranes
[81].

[52] used TMA and ethylene glycol (EG, HO-(CH3),-OH) as the pre-
cursors to deposit alucone (aluminium alkoxide) on the surface of a
commercial PA NF membranes. Thanks to the partial organic nature of
alucone, the deposited layer presented excellent compatibility with the
PA selective layer of the NF membrane. During the initial nucleation



S. Xiong et al.

stage, the TMA preferred to react with the functional groups in the PA
layer rather than with EG. Then the reaction between TMA and EG was
enhanced and gradually became the dominant reaction on the mem-
branes. After deposition, the modified membranes were immersed in
water for 3 days to convert the alucone into porous alumina. These
processes changed the composition, pore size, and fixed charge of the
membrane surface, which affected its dielectric, steric, and electrostatic
properties. As a result, thus-modified membrane exhibited different
permselectivities towards Na * ions and Mg?" ions, and showed better
capacity to soften hard waters. The modified membrane softened
brackish water (619 mg L las CaCO3) to “hard” water (165 mg L las
CaCO3) while the pristine membrane could only soften the brackish
water to “very hard” water (223 mg L' as CaCO3). The transition of
dense metal alkoxides to microporous metal oxides has also been
employed to build new separation layers on inorganic membranes,
which will be discussed in the following section.

6. ALD on inorganic membranes

Compared to their polymeric counterparts, inorganic membranes are
much more tolerant to high temperatures, and usually carry rich hy-
droxyl groups on the surface, allowing fast ALD deposition conformally
along the pore walls. Possibly because of this reason, the first work of
ALD application in separation membranes was performed by depositing
a thin layer of SiO5 on porous Vycor glass membranes at the temperature
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of 700 or 800°C for Hy/N> separation, which was reported in the year of
1995 [37].

Similar to the ALD modification to polymeric membranes, ALD was
mainly used to finely tune the pore sizes of inorganic membranes and to
give new functions to them. The pore size of a commercial ZrO; MF
ceramic membrane could be tuned from 50 nm down to 0 nm by
depositing different cycles of Al,O3 (Fig. 8a) [86]. More importantly, the
deposition of Al;03 could be restricted only on the surface or penetrated
into the pores by regulating the exposure time. With longer exposure
times, the pore size reduction was more obvious and the membranes
were modified more effectively. After 600 cycles of ALD with 10 s
exposure time, the MF membranes were successfully turned into UF
membranes. This work also confirmed the versatility of ALD, which
showed the ability to fulfill different goals by tuning the deposition
parameters. By omitting the exposure time, TiO5 deposition was
restrained exclusively on the near-surface region of UF ceramic mem-
branes and only the pores in the separation layer were narrowed
(Fig. 8b) [87]. After only 40 cycles of deposition, the UF membranes
were turned into NF membranes, which exhibited a molecular-weight
cut-off (MWCO) down to 890 Da with a high permeability of 32
L-m~2h~!.bar !, Furthermore, the MWCO was sequentially lowered
down to 410 Da with another 20 cycles of deposition.

Alternatively, metal alkoxides were ALD-deposited on ceramic
membranes, followed by calcination to transform the dense alkoxide
films into microporous oxide layers atop the ceramic substrates, thus
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Fig. 8. ALD treatment of inorganic membranes. (a) Precisely tailored pore structures of ZrO, ceramic membranes by ALD-deposited Al,O3 [86]; (b) Diagram of using
ALD to turn ceramic UF membranes into NF membranes by restricting the exposure time [87]; (c) Schematic diagrams of depositing titanium alkoxides on flat
membranes and transforming into porous TiO, as new separation layers [53]; (d) The fabrication process of turning deposited titanicone into porous TiO, layer [88];
(e) The pore size of AAO membranes was reduced to single-nanometer level by ALD [98].
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producing inorganic NF membranes. Song et al. [53] used TiCl4 and EG
as precursors to deposit titanicone (titanium alkoxide) onto anodized
aluminum oxide (AAO) membranes, then calcined under 250°C to
remove the organic parts of the titanicone and fabricated NF membranes
(Fig. 8c). The pore size distribution of pristine AAO membranes was in
the range of 20-50 nm and the growth rate of the titanicone was 0.42 nm
per cycle, therefore, 60 cycles of titanicone deposition were enough to
form dense coating layer on the AAO surface. Thus-prepared membranes
showed no detectable PWF under the pressure of 7 bar for 24 h. After
calcination, the 60-cycle-deposited AAO membranes showed a PWF 48
L-m~2h~l.bar"!, which was much higher than polymeric NF mem-
branes. The rejections of the membranes towards NaCl, NaSO4, MgCl,,
and MgSO4 were 29%, 43%, 24% and 35%, respectively. Also, Chen
et al. [54] successfully turned the tubular ceramic membranes (pore size
~5 nm) into NF membranes by transforming the deposited titanicone
into porous TiO; layers on the membranes. Furthermore, by changing
the calcination temperature, the obtained TiO5 can be controlled to be in
the amorphous or crystalline state, thus giving different effective pore
sizes in the NF and tight UF range, respectively (Fig. 8d) [88].

The photocatalytic function was endowed to ceramic membranes by
ALD of semiconducting metal oxides. To enhance the anti-biofouling
performance of ceramic membranes, a layer of ZnO (36.5 nm) was
uniformly deposited into the nanopores of ceramic membranes [89].
After 200 cycles of ALD at 150°C, the ZnO exhibited good crystalliza-
tion, which endowed the ceramic membranes with sufficient photo-
catalytic activity. After exposed to UV-A irradiation, ZnO would
generate reactive oxygen species, which impeded the formation of bio-
film. By choosing proper precursors, element doping or nanostructure
construction was very easy to implement in ALD processes to promote
the photocatalytic ability of deposited layers. Zhang et al. [90] used
TiCls/water and TiCly/NH4OH as precursors to deposit TiOy and
N-doped TiO5 onto ceramic membranes, respectively. After doping with
N element, a new band was formed in the bandgap of TiO5. The N-doped
ceramic membranes exhibited a red shift in the absorption of visible
light, which endowed the membranes with 24 times higher photo-
catalytic efficiency than the uncoated one. Lee et al. [91] used TiCly/-
water and TiCly/NH4OH alternatively deposited TiO5 and N-doped TiO»
hybrid layers on AAO and ceramic membranes. After deposited with the
hybrid layers, the membranes were endowed with sunlight-activated
photocatalysis, which degraded ~40% methyl orange under visible
light (100 mW cm~2 of irradiance).

ALD has been frequently used to deposit nanoparticles of noble
metals on ceramic membranes to prepare membrane reactors for
chemical catalysis and gas separations. Lu et al. [92] adopted ALD to
deposit Pd nanoparticles onto alumina ceramic membranes, thus form-
ing a catalytic membrane exhibited excellent performance in the
p-nitrophenol reduction to p-aminophenol. To further investigate the
relationship between the membrane surface property and Pd deposition,
four kinds of substrates, i.e. pristine ceramic membranes, TiO2-depos-
ited ceramic membranes with calcination (in pure Ar gas or Hy/Ar
mixture gas (1:9 in volume)) and without calcination were used.
Comparing with the Pd deposited on pristine ceramic membranes, the
Pd content on the TiOj-deposited membranes was increased signifi-
cantly. After TiO deposition and calcination in mixture gas, the loading
amount of Pd was increased by 50% compared to the pristine ceramic
membranes (14.1-9.7 mg m2). XPS results showed that the calcination
process transferred the bulk-phase oxygen vacancies of the membranes
to surface oxygen vacancies, and the Hy atmosphere was beneficial for
removing organic part of the Pd precursor to produce zero-valent Pd.
Therefore, the TiO2-deposited ceramic membranes calcinated in mixture
gas were the best candidate for Pd deposition, which showed the highest
conversion rate towards the reduction of p-nitrophenol after Pd loading.
By changing the concentration of NaBHy4, the conversion efficiency
reached 100% with excellent selectivity and acceptable stability. After
coated with 10 nm TiO,, the pore radius of y-Al;O3 membranes was
decreased to ~0.7 nm, and the permeance of hydrogen and carbon
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dioxide was reduced about one order magnitude (from 107 to 1078
mol~m_2-s_l-Pa_l) [93]. With increasing temperature, the CO5 and Hy
permeances of pristine membranes were both reduced. However, the
CO2 permeance was decreased and the Hy permeance was increased
after TiO, deposition. The different trends were ascribed to the negative
and positive apparent activation energies of CO5 (—6 kJ mol™!) and H,
(1 kJ mol™), respectively. Due to the inference of CO, molecules, the
separation factor of Hy towards CO5 in the Hy/CO2 mixture gas reached
5.8 at 448 K. In another study, the Pd cluster was deposited into the
pores of y-Al,O3 ceramic membranes under 220°C by using palladium
hexafluoroacetylacetonate (Pd(hfac)2) and formalin as precursors [94].
After 2000 cycles of deposition, the modified membranes exhibited high
H, selectivity. Although the kinetic diameter of He molecules (2.60 [o\)
was smaller than the Hy molecules (2.89 /DX), the Hy permeance of the
membranes was higher than that of He in each test. This should be
ascribed to the strong affinity between Hy and Pd clusters, which formed
PdHy species to accelerate the transportation of Hy. The modified
membranes exhibited permselectivities of ~23 and ~13 towards the
Hy/N, and Hy/CO;, gas pairs, respectively. Moreover, the H, permeance
of the membranes was higher than 1100 GPU at 188°C, and the sepa-
ration factors for Hy/Ny and Hp/CO; gas pairs were ~16 and ~9,
respectively.

It must be noted that AAO membranes featuring with uniform pore
sizes, straight pore profiles and high porosity have been extensively used
as model substrates to investigate the ALD process on porous membranes
and also to reveal the structure-property relationship of ALD-deposited
membranes [95-97]. The AAO membranes with single-nanometer
pores were difficult to be prepared directly by the anodization
method. However, their pore sizes could be progressively narrowed to
the selected value with the help of ALD. Yanagishita et al. [98] used ALD
to deposit AlyO3 or TiO, into AAO membranes and successfully tuned
the pore size to the single-nanometer level. Benefiting from the merits of
ALD, the pores with an aspect ratio of 1500 (45 pm in height and 29 nm
in diameter) were deposited with uniform oxide layers (Fig. 8e). SEM
characterization and Ny adsorption tests showed that the pore size
reduction was homogeneous through the entire thickness of the AAO
membranes. Membranes with pore size lower than 10 nm were tight-
ened by ALD at an average speed of 0.1 nm per ALD cycle. After 40
cycles of deposition, the pore size of the membranes was reduced from
10 nm to 6 nm. Vega et al. [99] even demonstrated that the permse-
lectivity and transport parameters of AAO membranes with an aspect
ratio up to ~2000 were effectively adjusted by depositing various oxides
(e.g. AlyOs3, SiO, and Fe03). Gelde et al. [100] deposited 6 nm TiOq
onto two AAO membranes and reduced their pore size to 10 nm and 13
nm, respectively. Then, they used BSA (stokes radius = 3.48 nm) as
probe molecules to analyze the relationship between membrane fouling
and pore properties. They found that BSA preferred to foul the outer
surface of small-pore membranes and the inner pore wall of large-pore
membranes. Because of the two fouling modes, the fouled membranes
showed different transmittance reduction in visible light region, and the
changes in the optical property were supplementary information for
membrane fouling analyses. Oh and coworkers demonstrated an inter-
esting thickness-dependent crystallinity and surface energy of Y203 thin
films ALD-deposited onto AAO membranes [101]. With lower film
thickness (<10 nm), the amorphous phase was dominant in the Y,03
film, and only some small crystallites appeared. As a result, the thin
Y203 film showed high surface energy and a hydrophilic surface. As the
thickness increased, crystalline “islands” emerged and the facets of
(222) and (440) planes gradually appeared, which were expanded with
the growth of Y503 film. The areal coverage of the crystalline structures
maximized and kept unchanged with further increase in film thickness.
During this process, the surface energy of the film was gradually
decreased with WCAs increased from 45° to 100°. By utilizing the
tunable surface energy of Y203 films conformally deposited on AAO
membranes, the membranes were successfully used as tweezes to sepa-
rate different liquid drops or as filters to separate 91% water from oil.
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Romero et al. [102] employed ALD to deposit SiO; on AAO membranes.
It was found that the ionic transportation of AAO membranes was
obviously affected by the deposited SiO,. On one hand, the SiO5 layers
on AAO surface and pore walls reduced the membrane pore diameter
and porosity. On the other hand, the SiO5 layers caused 75% decline of
positive effective fixed charges on the AAO membrane surface. To
analyze the influence of different depositing layers on the performance
of membranes, Cuevas et al. [103] deposited four metal oxides (Al,Os3,
ZnO, TiO, and Fe;03) onto AAO membranes (pore size = 12 + 2 nm,
porosity = 12-15%). After coated for 5-7 nm metal oxides, the pore size
and porosity of the porous alumina substrates were decreased by 30%
and 50%, respectively. The AAO membranes exhibited different optical
characteristic parameters after coated with different oxides. The
bandgap of the membranes was significantly reduced after deposited
with several nanometers of Fe;O3. Meanwhile, due to the comparable
pore size and porosity, the permselectivity of deposited membranes to-
wards electrolytes was dominated by surface properties, which were
comprehensively considered as membrane potentials. The ZnO- and
Al;03-coated membranes exhibited similar and more negative mem-
brane potentials, therefore, thus-prepared membranes showed identical
permselectivities and were better than others. Furthermore, metals,
semiconducting oxides have also been deposited on AAO membranes to
render membranes new functions such as (photo)catalysis and antimi-
crobial activity [95,104,105]. Chen et al. [105] deposited TiO3 on the
AAO membranes as the intermediate layer, then thermally annealed the
deposited membranes to crystallize the TiO, layers. Subsequently, Pt
nanoparticles (1-5 nm) were deposited on the pore wall of deposited
AAO membranes to form Pt@TiOs structures. When the methylene blue
solution flowed through thus-modified AAO membrane, the confined
space made the collision between reactant and catalyst more frequently.
Consequently, with the help of high photocatalytic reactivity of
Pt@TiO4 structures, the modified membranes showed better removal
efficiency towards methylene blue under UV light illumination.

In addition to industrially used ceramic membranes and model AAO
membranes, other inorganic membranes made from various materials
such as metals [106,107], silicon [108], carbon nanotubes (CNTs) [109,
110] have also been modified or endowed with new functions by ALD.
An interesting example is using ALD to build protection layers on
perovskite membranes by taking advantage of precise control in depo-
sition thickness [111]. To protect the Lag.¢Srg.4Cop.2Fep.g03.5 (LSCF)
membranes from the sulphur poisoning, Zhang et al. deposited a layer of
Al;03 on the membrane surface. The authors found that the thickness of
Al,O3 layers was an extremely important factor for the protection of
LSCF membranes. The critical thickness for the Al,O3 layers was ~30
nm. Thicker Al;O3 layers would greatly impede the O, permeation while
thinner Al,O3 layers showed weak protection for the sulphur poisoning.

7. ALD of polymers on inorganic and polymeric membranes

Polymers including polyimide (PI) and PA which are common
membrane-forming materials can also be synthesized via ALD, thus
forming a modification layer or even the selective layer for a substrate
membrane. ALD of polymers uses two organic monomers as the pre-
cursors, restricting the step polycondensation between vaporized pre-
cursors on the substrate surface. This niched ALD process is specifically
termed as molecular layer deposition (MLD), which is a branch of the
ALD technology, and the most significant difference between MLD and
ALD is the precursor type. In ALD, the widely used precursors are metal
precursors (e.g. TiCly, AI(CH3)3, and Zn(CH2CHgs)) and non-metal pre-
cursors (e.g. HoO, Os, NHg, and H5S). In MLD, one of the two precursors
or both two precursors are bifunctional metal-free organics, which are
used to deposit hybrid materials (e.g. depositing metal alkoxides) or
pure polymers. A layer of molecules is deposited after one MLD cycle,
and the molecular layer is usually several times thicker than the atomic
layer. Sheng et al. [47] adopted ethylenediamine (EDA) and pyro-
mellitic dianhydride (PMDA) as precursors to deposit PI on PES
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membranes. As shown in Fig. 9a, the deposited PI formed conformal and
uniform layers on all parts of PES membranes, and the pore size of PES
membranes reduced obviously after deposition. The rejection of PES
membranes (modified with 3000 cycles of MLD) towards 23-nm silica
nanospheres increased from none to 60% and the flux was decreased by
~54%. Due to excellent mechanical and thermal stabilities of PI, the
physical stability of PES membranes was improved after deposition. The
deposited PI layer was further crosslinked in EDA solutions and the
overall performance of the deposited PES membranes was greatly
enhanced [112]. Due to the further reduced pore size, the thus-prepared
PES membranes retained more than 90% of 12-nm SiO; nanospheres.
The permeability, fouling and corrosion resistance of the modified
membranes were also enhanced after crosslinking. Although the PI had
been successfully deposited on PES membranes, the high deposition
temperature  (160°C)  still restricted its applications on
temperature-sensitive polymeric membranes. To expand the application
of PI deposition, Xiong et al. [113] lowered the deposition temperature
down to 110°C and successfully deposited PI on chemically inert PP
membranes. After 250 cycles of deposition, the wettability of PP mem-
branes was slightly enhanced and the water flux of the membranes
increased by 25% at no expense of the selectivity. In a further work, PI
was deposited onto AAO membranes with selected depths by controlling
the precursor exposure time [114]. As shown in Fig. 9b, the PI deposi-
tion was limited to the surface in the short-exposure mode, and was
penetrated into the pores in the long-exposure mode. Both modes
improved the separation performance of AAO membranes, and the
membranes deposited with 50 cycles at the short-exposure mode
exhibited the best BSA rejection (from 0 to 82%).

Creating thin separation layers on porous substrates by MLD is a
promising strategy to prepare new composite membranes. However, the
vaporized precursors would filtrate into the pores thus forming dense
deposition layers and significantly reduced the permeability of modified
membranes. To solve this problem, Welch et al. [115] used
plasma-assisted ALD (PA-ALD) to deposit a dense layer of Al;03 onto
substrates as capping layers applying TMA and oxygen radicals as pre-
cursors, then used m-phenylenediamine (MPD) and trimesoyl chloride
(TMC) as precursors to deposit PA films on the AlyOg layer. Finally, the
composite membranes were etched from the backside to remove the
Al;03. Due to the short lifetime of oxygen radicals, Al;O3 tended to
deposit on membrane surface rather than in pores, thus the deposited
Al»O3 layer was particularly suitable for working as a capping layer to
mediate the PA layer and the substrate. Due to the different thermal
expansion, the Al;O3 layer on PES membranes was fractured during the
deposition of PA at 130°C. Interestingly, the PA film was anchored to the
PES membrane surface through the fractures in AlyO3 layer, which
avoided peeling the PA layer off the PES substrates. Therefore, with
increasing of cracks on the Al,Oj3 layer, the composite membranes
exhibited better robustness. Many other polymers, such as poly-
azomethine (PAM) [116], poly(3,4-ethylenedioxythiophene) (PEDOT)
[117], polyuria (PU) [118], even the PI-PA hybrid [119], have been
successfully deposited by MLD. Although these polymers have already
been used in a diversity of applications, there are still some challenges
such as unstable chemical structure and high deposition temperature,
restrict their applications in membrane modification. Once these poly-
mers can be deposited on membranes, some new microstructures and
functions may be realized and expand the utilization scopes of the
deposited membranes.

8. ALD for emerging membranes

Recently, emergent materials such as graphene and graphene oxide
(GO), MOFs, polymers of intrinsic microporosity (PIMs), and hexagonal
polymorph boron nitride (h-BN) have attracted increasing attentions as
building blocks to prepare new-generation membranes [120-122].
These emergent materials are featured with two-dimensional structures
and/or intrinsic nanopores built in their molecular frameworks.
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Fig. 9. ALD of polymeric materials to modify polymeric and inorganic membranes. (a) Surface and cross-sectional SEM images of pristine and deposited PES
membranes [47]; (b) Schematic diagrams of PI deposition on the alumina membranes in the mode of long and short exposure [114].

Table 3
ALD-enabled modification, functionalization, and synthesis of emergent materials and their membranes.
Emergent materials Deposited materials The way of using ALD Applications Ref.
GO Al,O3 Al,03 depositing on the outmost GO surface and healing defects Desalination by NF [57]1
GO Al,O3 Al,03 forming uniform layers on GO surface Moisture barrier [123]
PIM Al,03 Al,03 coating along the micropores of PIM Gas separation [124]
ZIF ZnO ALD of ZnO as the precursor layer for subsequent synthesis - [125]
- [126]
Gas separation [55]
Gas separation [56]
MIL-53-NH, Al,O3 ALD of Aly03 as the precursor layer for subsequent synthesis - [126]
Ui0-66 Ui0-66 Direct synthesis - [127]
Ui0-66 derivatives UiO-66 derivatives Direct synthesis Luminescence and antibiosis [128]
h-BN h-BN Direct synthesis Ton transportation [129]
SiO, Bilayer 2D SiO, Constructing bilayer structures Gas separation [130]
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Membranes made from them possess well-organized transport paths
with uniform geometries and customized surface chemistry, ensuring
fast permeation and tight rejection. Like the applications in traditional
polymeric and inorganic counterparts, ALD also has strong capability to
modify/functionalize or even directly synthesize new membranes of
these emergent materials. One of the most desirable advantages of the
new membranes is their distinguished pore uniformity, therefore, ALD is
particularly suitable for the adjustment of their pore sizes and pore-wall
chemistry as the pore uniformity will be maintained to the largest extent
after ALD treatment. There are a number of works reporting the
ALD-enabled modification, functionalization, and synthesis of these
emergent materials and their membranes, which are listed in Table 3.
ALD showed different deposition modes on graphene and GO due to
their different chemical structures [123]. For instance, Al,O3 tended to
nucleate at the defect of graphene while formed uniform films on the GO
surface. Choi et al. integrated Al;O3 and GO together and formed
“Al303(GO/Alx03),” (n = 1, 2, 3) structures by depositing different
thickness of Al;O3 on the GO surface to fabricate moisture barriers. The
pure GO layer showed no barrier ability towards moistures. However,
the composite Al;03(GO/Aly03), structures showed moisture perme-
ations of 2.03,1.94, and 1.81 x 10™*gm™2day ! whenn =1, 2, and 3,
respectively. The compounded GO provided tortuous paths and the
following ALD processes narrowed the pore size of GO layers, therefore,
the inserting of GO enhanced the moisture barrier property of Al;Os.
Kim et al. [57] stacked GO nanosheets to prepare NF membranes first,
and then used plasma-enhanced ALD (PEALD) to deposit few cycles of
Al;O3 onto the outmost layer of thus-prepared membranes. After
deposition, the GO membranes showed simultaneous increment in the
permeability and selectivity towards NaCl solution. During the
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deposition, TMA and oxygen plasma were used as precursors. The —CHg
groups were combusted with oxygen plasma to form CO, CO3 and H»0,
and then reacted with the produced H,0O to form -OH groups [131].
After 9 cycles of deposition, the C/O ratio of the GO membrane surface
was lower than 1, which confirmed the successful deposition of the
Al;O3. Moreover, the WCA of the membrane was decreased from ~70°
to ~40°. The GO membranes treated with oxygen plasma showed better
permeability because of the devastating effect from energetic particles,
while the selectivity was undermined with the damage of the membrane
structure. After introducing TMA, the GO reacted with TMA first,
especially the defects on the GO surface, and then the adsorbed TMA
reacted with the oxygen plasma to form AlyO3. Therefore, the membrane
structure was reserved and even some defects on the GO surface were
healed by Al;03, which enhanced the permeability and selectivity of the
GO membranes. The permeance of deposited GO membranes was
increased from 32.9 to 68.0 L-m~2-h~!.bar!, and the rejection towards
NaCl was increased from 46.7% to 63.8% (Fig. 10a).

PIMs are amorphous polymers constructed by rigid and contorted
backbones. The packing of PIM chains is inefficient and interconnected
pores are thus formed [132]. Because of the small pore size, PIMs were
hard to be modified by conventional methods. To enhance the gas sep-
aration ability, Chen et al. [124] used TMA (5.4 [o\) as precursor to de-
posit Al,O3 into the PIM-1 pores (<14 10\) (Fig. 10b). The nucleation of
Al03 occurred predominantly on the —-CN groups of the PIM-1 and the
nucleation was completed after 6 cycles of Al,O3 deposition (noted as
PIM-1-Al;03-6). The pore size of PIM-1-AlyO3-6 was mainly concen-
trated around 6.2 A, while the pore size of other membranes showed
bimodal distribution and at least one of the regions was greater than 6.2
A. As a result, the PIM-1-Al,03-6 membrane showed the best separation
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Fig. 10. Synthesis of emergent separation materials by ALD. (a) The simultaneous increments of GO NF membranes after PEALD and the mechanism of thus-prepared
membranes for salt removal [43]; (b) The chemical structure, 3D structures and the separation performance of pristine and deposited PIM-1 [124]; (c) ALD-deposited
ZnO layers are used to synthesize ZIFs. The TEM result shows that the deposited metal oxides layer is not fully converted into ZIFs [125].
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performance. Thanks to the narrowed pores and uniformed pore size
distribution, the strong molecular sieving effect greatly promoted the
permeability of PIM-1-Al,03-6, and excellent selectivity was obtained
because of the diffusivity selectivity. The performance of the
PIM-1-Al;03-6 membrane for Hy/N3, O3/Ny and Hy/CHy4 separations
was higher than the trade-off line of 2015, and the separation perfor-
mance of CO,/CH4 was approaching the trade-off line of 2019. More-
over, the thermal, mechanical and long-term stabilities of PIM-1 were
enhanced with the deposition of Al;O3.

MOFs are synthesized from organic linkers and metal nodes, and
metal oxides such as Al,O3, ZnO, and ZrO, can be used as the metal
sources. As these oxides can be easily coated on various substrates by
ALD, there are extensive works using ALD-deposited ZnO, Al;O3, and
ZrO, as metal sources to synthesize different MOFs. In this strategy, ZnO
was most commonly ALD-deposited on different substrates, and then
reacted with organic linkers in solutions to form zeolitic imidazolate
frameworks (ZIFs) [125,126,133-135]. Khaletskaya et al. [125]
demonstrated that 1 nm of the ALD-deposited ZnO layer could be turned
into 21.2 nm of the ZIF-8 layer (Fig. 10c). In this case, ~21% thickness of
the ZnO layer was consumed, forming ZIF-8 during the synthesis pro-
cesses. As for the ALD-deposited Al,O3 and ZrOs, they were turned into
[AI(OH)(1, 4-ndc)], and UiO-66, respectively. Bechelany et al. [126]
deposited uniform ZnO and Al,Os layers on electrospun poly-
acrylonitrile (PAN) nanofiber membranes as metal sources to synthesize
homogeneous ZIF-8 and MIL-53-NH, layers, respectively. Under
different reaction conditions, the conversions of ZnO and Al,O3 varied
from 86% to 96% and 61% to 94%, respectively. In the synthesis of
MOFs, the organic linkers helped the oxides dissolving into solutions to
form ions first, and then reacted with the ions to form MOFs. With
thicker MOFs layers, the diffusion of organic linkers into bulk volumes
became retarded, so part of the oxides was unreacted and the conversion
efficiency was lower than 100%. Comparing with the conventional
solvothermal synthesis, ALD-deposited metal oxide layers generate
MOFs in a “dissolving-reacting” mode, which can provide slower growth
rates, conformal and continuous structures. This makes the MOFs layer
more suitable for separation processes. Drobek et al. [55] deposited ZnO
into the macropores of ceramic supports and turned them into ZIF-8
nanocomposite membranes by solvothermal synthesis. The perfor-
mance of the nanocomposite membranes was controlled through pre-
cisely adjusting experiment parameters. The membranes extracted Hy
from Hy/CO2 or Hy/CH4 gas mixtures (1:1 mol ratio, 100°C) with se-
lectivities of ~7.8 and ~12.5, respectively. Ma et al. [56] fabricated
ZIF-8 membranes through ALD and ligand-induced permselectivation.
Porous alumina membranes with mesoporous y-alumina layer (2-5 nm
thick) were used as substrates. After ZnO deposition, the Zn element was
distributed evenly in the y-alumina layer. Then ZnO (>20 cycles) reac-
ted with 2-methylimidazole vapor and turned into ZIF-8. According to
the element distribution result, the generated ZIF-8 layer was centered
around the top surface of y-alumina layer, which formed new separation
layers. Comparing with other methods to synthesize MOFs membranes,
this “pore blocking—converting” strategy confined the reaction exclu-
sively in the ZnO-blocked pores, which avoided the defects and nonse-
lective grain boundaries in the common methods. As a result, the
membranes exhibited exellent propylene permeance (0.01-0.06
mol'-m 2s7!) and propylene/propane selectivity (~50-70) under the
feed pressure of 1-7 atm.

In addition, ALD can also be used to directly synthesize some
emergent materials with intrinsic porosity. Some MOFs, for instance,
UiO-66, has been directly synthesized by ALD as their organic linkers
and metal sources are reasonably volatile. Lausund et al. [127] adopted
2-amino-1, 4-benzenedicarboxylate and ZrCly as precursors to directly
deposit amino-functionalized UiO-66 thin films. They further used
organic linkers with different chain lengths to tune the pore sizes and
porosity of the ALD-deposited MOF films [128]. Another case is the h-BN
which has a spacing of 0.333 nm between layers and a distance of 0.25
nm between each borazine ring center [136]. The h-BN showed a
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uniform honeycomb structure and strong hydrophobicity. It has been
confirmed that ALD is effective to deposit uniform h-BN films into
different substrates [137-139]. For instance, Weber et al. [129] used
BBrs and NHs to deposit h-BN films on different substrates and
confirmed the conformality of the deposited films. It can be expected
that if the UiO-66 or h-BN thin films are ALD-synthesized on macro-
porous supports they will work as fast and highly selective membranes
for gas separation and desalination. It should be noted that the direct
ALD synthesis of membranes of MOFs or other materials with intrinsic
porosity is somewhat overlooked, however, we believe it will rise soon
because of its great potential in affording fast and selective separation of
molecules and ions. Here, we summarize the three different ways to
construct microporous selective layers on macroporous substrates by
ALD we discussed in Section 3.3 and Section 8 in Fig. 11.

With ever-growing interests in ultrathin 2D membranes, ALD is
receiving more attentions because of its strong capability to synthesize
atomic or molecular layers of various materials of different chemical
nature. These ultrathin layers are expected to show unprecedented
transport behaviors, thus enabling the design and preparation of next-
generation membranes. There is a very recent report on the unusual
transport behaviors of an ALD-synthesized 2D material. Naberezhnyi
et al. [130] ALD deposited 6 cycles of SiO, onto the Au/mica substrates
under 240°C. After annealing in air and transferring onto SisN4; win-
dows, a vitreous bilayer 2D SiOy membrane was successfully prepared
(Fig. 12). The transportation mechanism of thus-prepared membranes
was different from the size exclusion principle. The permeation rate of
the He gas at room temperature was 1.5 X 10°® mol-m 2s1Pa’l,
which was several magnitudes lower than that of DO, CsH;OH, and
C4HoC(O)CH3 (45 x 1075, 1.7 x 107>, and 19 x 107*
mol-m~2:s71.Pa”!, respectively). According to the density functional
theory calculation, C4HoC(O)CH3 showed the adsorption energy of 57.3
kJ mol™!, which was higher than D0 and C3H;OH. Therefore, the
chemical affinity between the molecules and membranes showed
stronger important influence on the membranes with small pores
approximating to the size of gas molecules.

9. Innovative ALD devices and processes

ALD is regularly working in the temporal mode, and material
deposition cannot be continuously performed, thus significantly
hampering the efficiency and productivity. Recently, some research ef-
forts have been made to innovate ALD devices and processes to enhance
the ALD productivity and to expand the application fields of ALD. Spatial
atomic layer deposition (SALD) is distinguished from these efforts and is
highly promising to become an industrialized continuous ALD process
with high productivity. Different from the temporal ALD, the precursors
used in the SALD system are separated by locations rather than by
deposition sequences. As shown in Fig. 1b—c and Fig. 13a, in the tem-
poral ALD, the precursors are sequentially pulsed into the reaction
chamber and separated by purge steps. In SALD, two precursors are
spatially separated by inert gases (Fig. 13a). Both the transportation of
precursors and the status of substrates in two ALD systems are different.
The substrates in the temporal ALD are fixed in the reaction chamber
while the substrates and precursor regions are keeping relative move-
ment in the SALD system. The deposition cycle is completed by
repeating pulse-purge steps and relative movement in the temporal ALD
and SALD, respectively [140]. This novel SALD strategy makes ALD a
continuous production process and provides two orders of magnitude
faster production rate than the temporal ALD at maximum. Moreover,
SALD frees the whole process from high vacuum conditions, which
greatly reduces the equipment cost of the whole system and makes the
atmospheric pressure ALD possible. As shown in Fig. 13b-d, different
SALD devices have been invented, mainly including the roll-to-roll
(R2R) SALD system, the rotating cylindrical SALD system, and the
“close-proximity” SALD system [141-143]. Specifically, the R2R SALD
system is generally designed for flexible substrates which repeatedly
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Fig. 11. Diagram of using ALD to build new separation layers on porous substrate membranes. (a) Etching metal alkoxides to form porous metal oxides; (b)
transforming deposited metal oxides into MOFs; (c) direct ALD synthesis of MOFs.
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Fig. 12. Schematic of experimental procedures for ALD-synthesized ultrathin SiO, membranes [130].

shuttle between two precursor regions. The rotating cylindrical SALD
system consists of two concentric rollers, and the gap between the rollers
is used as the reaction chamber. The “close-proximity” SALD system is a
showerhead-type device having parallel gas slots to spray inert gas or
precursors.

Lee et al. [144] invented a R2R atmospheric atomic layer deposition
(AALD) device, which was used to deposit uniform Al,O3 on both sides
of commercial polyolefin Celgard separators and realized the continuous
production. The precursors were sprayed out from a multi-slit gas source
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head, and the flow speed of carrier gas (nitrogen) for TMA and water was
700 and 1000 standard cubic centimeter per minute (SCCM), respec-
tively. To avoid the intermixing of the two precursors, nitrogen flowing
with a higher rate of 1220 SCCM was used as “walls” to separate TMA
and water. Moreover, the nitrogen flows were also acted as purge steps
when the substrates passed through. The gas head was consisted of
dozens of slits. The movement of Celgard substrates was perpendicular
to the gas head and the distance between the two components was less
than 500 pm. A 5-cycle deposition was accomplished when the
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system [142]; (d) The “close-proximity” SALD system [143].

membrane passed by the whole head every time. After the membrane
passed the gas head for 30 times, 150 cycles of AloO3 deposition were
finished and ~5 nm AlyO3 layers were deposited on both side of the
membranes. Only a negligible porosity decrement was detected (from
54% to 48%.), while the thermal and mechanical stabilities of the
membranes were significantly enhanced, and the functionalized mem-
branes showed enhanced affinity to electrolytes. Based on these im-
provements, the cells using these ALD-deposited membranes as
separators exhibited better stability (~85% capacity retention) than the
cells with pristine separators (~70% capacity retention) in cyclic per-
formance tests. It is no doubt that such an R2R ALD device and process
can be extended to continuously modify/functionalize other polymeric
membranes. AALD has also been employed to deposit inorganic sub-
strates with high efficiency. Hsu et al. [145] used AALD to deposit
Al-doped ZnO films onto glass substrates. To simplify the doping
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processes, the TMA and DEZ precursors were simultaneously sprayed
out the injector and co-introduced into deposition processes. As other
AALD devices, Ny was used as the carrier gas, purge gas and gas curtains.
The substrates were perpendicular to the injector and the distance was
0.3 mm. When the deposition started, the substrates passed the injector
back and forth with a speed of 150 mm s~ *. The processing time of one
cycle in this AALD device was 3 s and its growth rate was 0.94 A per
cycle, which were 20 times faster and 3 times higher than the processing
time (~1min) and growth rate (0.3 A per cycle) in thermal ALD pro-
cesses, respectively.

Moreover, AALD has great potential to produce ceramic NF mem-
branes. Usually, ceramic NF membranes are fabricated by the sol-gel
method. The membranes need to be coated for multiple times to nar-
row the pore sizes and achieve better selectivity. Consequently, ceramic
NF membranes usually have thick separation layers, leading to lower
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water flux [146]. To prepare highly permeable NF membranes, Shang
et al. [147] used AALD to deposit TiO2 on ceramic substrates for the
purpose of reducing the pore size. The obvious feature of AALD was that
the vacuum system was replaced by Na flow system to satisfy the
self-limiting property of ALD processes. The pore size of the pristine NF
membranes was narrowed from 0.7 nm to 0.5 nm within only three
cycles of deposition. Thus-deposited ceramic NF membranes exhibited a
MWCO between 260 and 380 Da, and a water permeance of 11-16
L-m~2h~!.bar~! which was higher than many commercial NF ceramic
membranes. It was worth noting that the growth rate of TiO; in the
AALD was 0.39 nm per cycle, which was higher than that in the temporal
ALD. In another work, Liu et al. [148] designed a vertical forced-flow
ALD device to obtain uniform coating on three-dimensional substrates
including hollow-fiber membranes and increase the output. in this ALD
device the precursors were pulsed from the top of the reaction chamber,
then flowed through the cylinder reactor forced by the evacuation sys-
tem (at the bottom of the reaction chamber). This system allowed the
precursor permeating into the substrates quickly and uniformly, which
resulted in effective production of conformal metal oxide coatings. No
obvious difference could be detected after 400 cycles of TiO, deposition
on the top, middle, or bottom parts of hollow-fiber membranes,
demonstrating the uniformity of the deposited layers. By placing conduit
plates into the forced-flow ALD devices, the “soak” function (as the
exposure step in the temporal ALD) was added into vertical forced-flow
ALD equipment [149]. This strategy prolonged the stay time of pre-
cursors in the reaction chamber, which coated more uniform deposition
layers on the hollow-fiber membranes. Unfortunately, the separation
performance of thus-deposited hollow-fiber membranes was not evalu-
ated in these works.
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In addition to design new ALD devices, innovation in the deposition
process operated in regular ALD devices may also enhance the capability
of ALD modification/functionalization of membranes. For instance,
sequential infiltration synthesis (SIS) is a modified ALD process with
particularly long exposure time. In SIS, the first precursor is holding in
the reaction chamber for a long time, which allows it to diffuse into the
bulk volume of substrates and react with the functional groups in the
substrates (e.g., the TMA can react with the carbonyl groups to form
Al-O-C bonds) [150,151]. Different from the regular ALD process
deposition happens exclusively on the surface or subsurface regions, SIS
occurs in the whole part of the substrates (including pore walls and solid
phase of the substrates). To compare the difference between regular ALD
and SIS on membrane modification, Waldman et al. [152] adopted both
strategies to modify PES UF membranes by deposition of Al,Os. The
water fluxes of ALD and SIS modified PES membranes were both
reduced. Results from energy dispersive spectroscopy (EDS) showed that
the Al element was detected through the whole PES membrane after SIS
modification and only around the near surface region in the
ALD-modified one. The flux reduction of ALD-modified membranes was
caused by the constriction in the size of pore mouths, while the flux
reduction of the SIS-modified membranes was caused by the constriction
of the pore itself. These results reveal that under similar conditions ALD
and SIS mainly act on the near surface region and entire volume,
respectively. Moreover, the Al;O3 loading amount after 3 cycles of SIS
was equal to the loading amount after 50 cycles of ALD, implying that
SIS was more effective to load materials into the membranes. By taking
advantage of the affinity between organometallic precursor and polar
blocks of the polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP),
Zhang et al. [153] combined SIS, ALD, and silane coupling together to

P4VP +
metal oxide pg

Silanization

/|

——

Oxygen . = Aluminum 1

= Hydrogen

Fig. 14. New processes to perform ALD on membranes and MOFs. (a) The fabrication process of organic/inorganic/organic (PS-b-P4VP/deposited Al,O3/silane
agents) isoporous membranes [153]; (b) Illustration of MOF metallation by semi-ALD modification [154].
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fabricate organic-inorganic-organic isoporous membranes (Fig. 14a).
The first SIS step was significant for the whole modification. Firstly, the
metal oxide-P4VP interface formed in the SIS step would greatly pro-
mote the following ALD processes. Secondly, the pore size reduction of
SIS was more effective. The pore size of pristine isoporous membranes
was decreased by ~12 nm after only 3 cycles of SIS, while it required 30
to 40 cycles of ALD to achieve the similar result. After 3 cycles of SIS and
75 cycles of ALD, the membranes with original pore sizes of 38 nm and
55 nm showed a pore reduction of ~20 nm and ~22 nm, respectively.
Moreover, the thermal stability and wettability of both membranes were
enhanced. By using different silane coupling agents, the membranes
were functionalized with fluorinated, cationic, and anionic surfaces.
Combining the pore size reduction and specialized pore properties,
membranes with sub-20 nm pores could fractionate proteins with
similar sizes (3-4 nm) and separate small organic molecules (1-2 nm)
from the mixtures with high selectivity and permeability.

Importantly, the semi-ALD process should be stated because of its
great potential in fast modification of membranes with small pores.
Typically, ALD involves alternative exposure of the substrates to two
precursors. However, in some cases, only one precursor was pulsed into
the reaction chamber to react with the substrates followed by inert gas
purging, which is termed as “semi-ALD”. In semi-ALD, the precursors
diffuse into the fine pores in the substrates and react with the surface
groups on the pore walls in the self-limiting way, thus forming a
monolayer of precursor skeleton covalently bonded to the pore wall
after sweeping away the unreacted precursors and byproducts. This can
be considered as a surface grafting process taking place in the gas phase.
Mondloch et al. [154] used this semi-ALD process to modify MOFs.
There were three prerequisites for the MOFs to be modified by
semi-ALD, i.e. the proper pore size, good thermal stability, and acces-
sible functional groups. They synthesized a Zr-based MOF (NU-1000) as
substrates. The NU-1000 was composed of micropores (~12 10\) and
mesopores (30 A). This MOF material is stable at 500°C and possesses
hydroxyl groups in the pores for further ALD modification. They
demonstrated that 120 s exposure time of the precursor, DEZ or TMA,
were enough for three Zn or eight Al atoms combining with Zrg node
(Fig. 14b), while the solution-based method required several hours to
achieve the same result. This semi-ALD process metallized NU-1000, and
reduced its pore size from ~30 A to ~27 A, implying its great capability
to tune pores in the level of angstrom. Brozova et al. [155] used the
semi-ALD process to introduce (—)-a-pinene into Al,Os-deposited PC
membranes. Thus-modified membranes exhibited significantly
increased sorption towards single (—)-a-pinene rather than the
(+)-a-pinene and racemate, enabling chiral molecule separation.
Clearly, semi-ALD is able to tune the pore size and modify the pore
chemistry of membranes. As semi-ALD involves only one single exposure
to the precursor to build molecular monolayers on the surface of fine
pores, it is more suitable for the tuning of pore sizes of NF and
gas-separation membranes with micropores as grafting of monolayers of
molecules is adequate to significantly reduce the pore sizes. More works
are going to appear in this specific area as semi-ALD has rarely been used
to modify/functionalize membranes although it has great potential in
this regard.

In an early application related to gas separation, ALD was used to
deposit Al;03 on high-density polyethylene (HDPE) particles, then the
modified particles were extruding to form films [156]. During the
extruding processes, the uniform Al;O3 deposition layers were broken
into flakes and doped into the polymeric films. For the HDPE particles
with an average diameter of 60 pm, the diffusion coefficient and
permeability of the polymer films towards He gas were reduced by
~15%. However, the diffusion coefficient was reduced by only 7.3% and
the permeability were increased by ~100% for the films fabricated from
smaller HDPE particles (16 pm). This result was ascribed to the voids
between the Al,O3 flakes and polymers. After modified by the silane
agents before extruding processes, the films fabricated from smaller
particles showed a ~20% decrement of both the diffusion coefficient
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and the permeability. By choosing certain ALD processes and polymer
particles, the size and thickness of doped inorganics can be precisely
controlled. This work suggests an effective way to prepare mixed-matrix
membranes, which perfectly overcomes the long-standing challenge of
homogeneously dispersing inorganic fillers into the polymer matrix.

Typically, ALD modification takes place on both sides of membranes,
producing membranes with identical coatings on each side. However, an
interesting ALD process for the preparation of Janus membranes has
been reported. By sealing one side of PP membranes, the deposition of
hydrophilic Al,03 was successfully restricted on the other side of PP
membranes, thus producing hydrophilic (AlyO3)-hydrophobic (PP)
Janus membranes [157]. For hydrophilic membranes, the gas had to
exhaust the liquid in membrane pores at aeration processes. For hy-
drophobic membranes, the gas bubbles were hard to get off the mem-
brane surface. Therefore, a membrane with hydrophilic surface and
hydrophobic pore walls was particularly suitable for aeration processes.
The hydrophilic surface minimized the adhesion between gas bubbles
and PP membranes, which would greatly reduce the energy consump-
tion in the aeration processes.

10. Conclusions and perspectives

In this review, we discuss the mechanism, chemistry and process of
ALD in the context of membrane separation, analyze the merits of ALD in
the modification and functionalization of membranes, and summarize
recent progresses in the applications of ALD upgrading membrane per-
formance and in the providing new functions to membranes. As an
advanced gas-phase deposition process, ALD can deposit metals, oxides,
polymers and many other materials on both polymeric and inorganic
membranes. Compared to other deposition techniques, ALD is distin-
guished for its strong capability to conformally coat wall surfaces of
pores with sizes down to the molecular level. Consequently, membrane
pores can be tailored both in surface chemistry and pore sizes by ALD,
enabling the controllable transformation of wettability and fine tuning
of pore diameters with the precision at the angstrom level. After ALD
treatment, membranes can obtain direct performance improvement or
serve as intermediates for additional functionalization. Most strikingly,
ALD is able to break the frustrating trade-off effect in membrane sepa-
ration, that is, simultaneously improve the permeability and selectivity
of the membranes, because ALD of metal oxides strongly enhances the
hydrophilicity of polymeric membranes at the cost of slight decrease in
pore size. In the direct performance improvement, some important
properties of membranes, including selectivity, permeability, fouling
resistance, wettability, mechanical robustness, thermal and chemical
stabilities, are enhanced to various extents. In the indirect applications,
the ALD-deposited materials can work as metal sources, functional
layers, seeding layers or transition layers to prepare separation mem-
branes with additional functions such as catalysis, photocatalysis,
adsorption, and antibacterial activity.

Although ALD has many advantages and huge potentials as we dis-
cussed above, the costly precursors, complicated operating procedures,
and slow growth rate restrict its large-scale utilization in membrane
separation which is far more cost-sensitive than microelectronics. There
are some fundamental and technical challenges regarding to ALD pre-
cursors, processes, and devices remained to be solved. Due to the high
cost and excessive dosage at pulse steps, the large consumption of pre-
cursors may be a heavy burden. Comparing with the high-added-value
microelectronic industries, the membrane industries may be unlikely
to bear the costly precursor consumption. Therefore, it is necessary to
source or synthesize cheaper substitutes. Moreover, ultrahigh purity of
the precursors required for the ALD applications in microelectronics is
not necessary in its usages for membranes, which would greatly reduce
the precursor costs. In addition, excessive precursors are pulsed into the
reaction chamber and wasted in the purge steps. Extraction units can be
added between the chamber and the vacuum pump, which will recover
the precursors from the purge gas and reduce the consumption. The
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commonly used membranes including NF and RO membranes are pre-
pared from solution-based processes such as phase inversion and inter-
facial polymerization, and they are “wet” membranes. Their surfaces are
hydrated with water and their pores are filled with water. Consequently,
these wet membranes cannot be directly subjected to ALD treatment as
the high vacuum and elevated temperature may destroy their vulnerable
porous structures, and water in the membranes will significantly inter-
vene the ALD process. Atmospheric ALD requiring no vacuum would be
an important solution to this annoying challenge, and more efforts
should be made to optimize this special ALD process towards the specific
requirements of membranes.

ALD devices are another main obstacle for the real-world applica-
tions of ALD in the membrane field. Typical ALD devices have flat re-
action chambers with relatively small sizes as they are originally
designed for the processing of silicon wafers in the shape of thin plates.
However, industrialized membranes are usually present in the form of
rolls of continuous films or bundles of long fibers, and are used as
modules with the length typically larger than 1 m and the diameter of
several tens of centimeters. For the sake of productivity, membranes
should be treated in the ALD chamber in large volumes or in the entire
membrane modules, requiring correspondingly large-sized ALD cham-
bers. Significant works should be done to design such big chambers and
to re-design the entire ALD system including the device and the depo-
sition process. Alternatively, roll-to-roll ALD devices are expected to
continuously treat membranes in the form of flat sheets with high
productivity.

The ALD-deposited membranes themselves deserve extensive in-
vestigations as they are a new type of composite materials of layered
structures with interlaced interfaces. A main point is the compatibility
between the deposition layer and the membrane substrates. The differ-
ence in physical and chemical properties such as mechanical strength,
chemical stability, thermal expansion and stability of them may weaken
the long-term performance of the deposited membranes. For example,
the metal oxides deposited on polymeric membranes can significantly
improve the separation performance, while the rigid metal oxides may
reduce the elasticity of polymeric membranes. Additionally, the polymer
deposited on the ceramic membranes may not tolerate harsh operating
conditions.

Although significant advances have been achieved in the applica-
tions of ALD in the membrane field, we believe the potentials of ALD to
upgrade membranes have not been fully explored, and there are more
chances for membranes to take further use of ALD. At least, the following
topics summarized below are worthwhile of immediate actions. Up to
date, ALD has been exclusively use to deposit single-component mate-
rials on membranes. By changing ALD deposition sequences, the “A-B”
deposition mode can be easily turned into “A-B-C” mode. This would
enable the deposition of hybrid materials on substrate membranes,
producing membranes with better performance or multiple functions.
Innovation in the deposition process may bring new opportunities to
tune the microstructure of the membranes, thus enhancing the mem-
brane performances. A direct example is to establish an asymmetric
porosity in substrate membranes by optimizing the deposition parame-
ters, which may significantly improve rejection at slight expense of
permeation. More materials with intrinsic porosity such as framework
materials and conjugated microporous polymers are expected to be
synthesized by ALD after careful design of precursors and process
development. If they are synthesized on the surfaces of porous sub-
strates, advanced membranes with fast permeation and tight rejection
will be obtained.

Originally designed for microelectronics, ALD is not widely known in
the membrane community, and its potential in membrane functionali-
zation and synthesis of new membranes is far from adequately explored.
ALD has not yet been used in industry to treat separation membranes.
However, we anticipate that the large-scale application of ALD may first
appear in the treatment of “dry” membranes such as inorganic mem-
branes (ceramic, zeolite, etc.), polymeric MF membranes having large
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pores, polyolefin membranes prepared by the stretching process as they
require least care in the ALD treatment. We expect this review to attract
more attentions from membrane insiders to ALD on one hand, and also
to call for interests among researchers and engineers working in pre-
cursor synthesis, process development, and equipment design of ALD to
the needs of the membrane community on the other. With continuous
efforts from both sides, ALD will become a pervasive industrial tech-
nique for membrane modification/functionalization, and next-
generation membranes with precise structure and on-demand func-
tions will be available by taking full advantage of ALD.
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