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ABSTRACT: Atomic layer deposition (ALD) is an effective
technique of preparing nanomembranes with atomic scaling
precision, high uniformity, superior conformality, and excellent
accessibility on different substrates. Recently, some emerging
methods have been derived to prepare nanomaterials that cannot
be prepared directly by conventional ALD. For instance, ALD lift-off
is an efficient method for preparing free-standing oxides nanostruc-
tures with precise size and controllable dimensions. The confinement
from the substrate can thus be eliminated, and the corresponding
device can be obtained via a micro/nano-fabrication process. ALD
induced growth is a strategy of inducing chemical reactions on an
ALD predeposited thin film through the post-treatment including
vapor phase treatment or liquid phase treatment to prepare new
materials and has been adopted in the synthesis of transition metal
dichalcogenides and metal organic frameworks. In these perspectives, these ALD-derived technologies and newly developed
materials can bring opportunities for the future advantageous applications. Here in this review we provide a comprehensive
conclusion and understanding of these ALD-derived techniques and related promising nanomaterials.

1. INTRODUCTION

Nanomaterials have explored their applications in wide areas
for their excellent performance, such as catalysis,1,2 medicine,3

sensors,4 energy storage and conversion,5,6 optoelectronics,7

and many others. The performance of nanomaterials is closely
related to the morphology, size, crystal surface, and
composition.8 Therefore, such a variety in tunable parameters
provides huge engineering opportunities for the synthesis of
nanomaterials.8,9 Over the past decades, solution-based
processes have been practiced for synthesizing nanomaterials
including the hydrothermal method,10 solution precipitation
methods,11 sol−gel methods,12 and layer-by-layer (LBL)
deposition.13,14 These techniques, although being very
promising, usually are not capable of precisely controlling
uniformity, thickness, surface coverage, and morphology.8

Atomic layer deposition (ALD), as a new versatile process for
developing high quality nanomaterials, holds the capability of
excellent thickness and composite controllability, unrivaled
conformal coating, and good uniformity over a large scale.15−17

It has obtained some advanced developments and promising
achievements in various fields including microelectronics,18

energy,19 and biotechnology.20

ALD is a monolayer stepwise growth process that proceeds
by exposing the substrate surface alternately to each
precursor.15 One typical ALD process consists of four steps:
the pulse of precursor/purge/pulse of coreactant/purge. This

four-step process can be repeated to grow a desired material
with precise control over the thickness.21 By adjusting the
duration of each exposure, all surface reactions go to
completion and saturation before the next reaction starts,
making the growth process self-limiting. The self-limiting
nature of the half-reaction allows for conformal coatings on a
complex three-dimentional (3D) surface, such as carbon
nanotubes, polymers, or porous anodic aluminum oxide,
making ALD a robust technique for developing various
nanostructures.22,23 Besides, by adopting the metal precursors
with various counter-reactants, such as H2O, O2, O3, NH3,
H2S, and H2, an enormous variety of materials including
oxides, nitrides, sulfides, carbides, and elementary metals have
been successfully produced.24,25 It is noteworthy that the
separated dosing of precursors ensures that no detrimental gas-
phase reactions take place. The atomically controlled growth
and the separated pulse of the reactant make it possible to
apply multiple binary ALD processes into a super cycle for the

Received: October 28, 2019
Revised: October 7, 2020

Reviewpubs.acs.org/cm

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acs.chemmater.9b04414
Chem. Mater. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

FU
D

A
N

 U
N

IV
 o

n 
O

ct
ob

er
 2

8,
 2

02
0 

at
 0

2:
10

:2
4 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhiwei+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuting+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhe+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gaoshan+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yongfeng+Mei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.9b04414&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04414?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04414?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04414?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04414?fig=tgr1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.9b04414?ref=pdf
https://pubs.acs.org/cm?ref=pdf
https://pubs.acs.org/cm?ref=pdf


creation of multicomponent nanomaterials.26 This versatility
allows for a wealth of doped, well-mixed, or nanolaminate
ternary/quaternary materials with composition variation at the
atomic level.27−33

It is noted that the advantage of ALD originally was to
prepare dense and uniform films.21−23 These products mainly
include metal oxides, nitrides, and some elemental metal
films.25,34−36 Here we use term “nanomembrane” to define
these films when the thickness of the films is in the range of
one to a few hundred nanometers.37 Because of their
dimensionality, the nanomembranes may have properties
different from those of the bulk. They are lightweight and
flexible and show a large exposed surface and significant
quantum confinement effect.38,39 Therefore, the nanomem-
branes can be distributed over a large surface area, deformed
into various shapes, and wrapped onto a curvilinear surface,
leading to a broad spectrum of applications in catalyst, sensing,
biomedicine, and energy harvesting.40−45 The nanomembranes
prepared by ALD are normally supported by the bulk
substrates; this attachment may disturb these properties.37

The lift-off ALD method has demonstrated its viability to
prepare free-standing nanostructures by releasing the deposited
nanomembrane from the sacrificial substrate or selectively
removing the template, while oxide nanostructures are the
objects of much research. Some typical examples such as free-
standing TiO2 nanomembranes and ZnO nanosheets have
been successfully fabricated and adapted to some devices (a
typical example of ZnO with atomic structures was exhibited in
Figure 1).46,47 The lift-off ALD method accesses a wide
material set with well-controlled thickness and composition.
Therefore, a particular summary on the methods, materials,
and application of ALD for free-standing oxide nanostructures
has been recorded here. It can be predicted that such methods
may be popularized for preparing other free-standing
nanostructures made from, e.g., nitrides and metals, and giving
full play to their properties.
Notably, some breakthroughs have recently been made in

the ALD for transition metal dichalcogenides (TMDs) and
metal−organic frameworks (MOFs), which are as two “star”
materials in the electronic and energy domains (Figure 1).
These materials are typically prepared by chemical vapor

deposition (for TMDs),48 epitaxial growth (for TMDs),49 and
hydrothermal methods (for MOFs),50 which means that ALD
techniques are not on the list of commonly used preparation
methods for these materials. However, in some cases, these
traditional methods have certain limitations and disadvantages.
For the TMD materials, the reduction gases such as hydrogen
are commonly required by CVD to facilitate the reduction of
halogen species, which is not conducive to the waste gas
treatment, and the whole process is complex. Besides, some
metal or metal oxide precursors with high melting points are
difficult to vaporize and react with gaseous chalcogen
precursors during the CVD process.48 Moreover, it is still
challenging to fabricate TMD materials through the fast
synthesis route with a large domain size.49 For MOFs, the
solvothermal method usually needs to be carried out in an
autoclave. For instance, for two typical MOF materials,
HKUST-151 and UiO-66,52 both of them need to be
synthesized in organic solvents at a temperature higher than
100 °C for a long time. This obviously makes the reaction
more difficult and dangerous. It is also difficult to control the
crystallization and the morphology during the reaction.50

In order to address these challenges, a strategy based on the
post-treatment of the ALD preinduced materials has been
developed to assemble these materials, which shows a
promising universality. This ALD-induced growth (AIG)
consists of the preparation of induced layers or guide layers
by ALD and the subsequent modified synthesis of a specific
product through the liquid or vapor phase post-treatment. It
can also be seen as an innovative bottom-up deposition
method related to ALD. Since the ALD can synthesize a film
with a large size, this approach is also capable of fabricating
TMD films and MOF films with large areas. For TMDs, the
induced layers are normally metal or metal oxide films, and
there is no need to consider the melting point problem.53 For
MOFs, this strategy could be implemented in the liquid or gas
phases and sometimes requires lower temperatures.54,55 The
AIG method has been utilized to prepare some layered
materials that were difficult to synthesize directly by ALD and
otherwise required complex processes.56 Besides, inheriting
from the ALD technology, AIG has the advantages of
controllable scale, a steerable reaction process, and diversified

Figure 1. Schematic diagram illustrating ALD-derived nanomaterials: oxide nanomembranes by lift-off method, TMDs, and MOFs by AIG. The
images in the insets are adapted with permission from ref 76 (Copyright Royal Society of Chemistry 2018), ref 107 (Copyright American Chemical
Society 2013), and ref 147 (Copyright American Chemical Society 2015).
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deposition substrates.56 The advantages offered by the AIG
could promote the development of these materials and provide
more creativity, in, e.g., flexible electronics, stretchable energy
generating devices, and micronano-robotics.
Particularly, AIG can be divided into AIG-vapor and AIG-

liquid, two paths according to different postprocessing models.
Different scopes and features can be obviously seen from the
two routes. So far, the utilization of AIG has made progress in
the controlled synthesis of some materials, in which the TMDs
and MOFs are two typical representatives. Some achievements
and reviews57,58 have been made on these materials while few
comprehensive conclusions and insights on this AIG strategy
have been made, such as the types of materials that can be
synthesized and similarities, differences, superiorities, and
weaknesses on this topic.
Here in this review, we provide a comprehensive under-

standing of ALD-derived materials including free-standing
oxide nanomembranes and TMD and MOF films, which are
discussed in Sections 2, 3, and 4, respectively. In the final

section, some general conclusions are made and some novel
applications are proposed for these ALD-derived materials.

2. OXIDES
2.1. Free-Standing Oxide Nanomembranes. Free-

standing nanomembranes with two-dimensional layer structure
have recently attracted ever-growing attention. Their dimen-
sionality can drastically alter their physical, chemical, and
optical properties as compared to their counterparts in other
dimensions, which provides them with great potential as a
flexible thin-film transistor, in optoelectronics, as an energy
storage device, and in biomedical applications.59−64 The lift-off
ALD method has been demonstrated as a viable means to
prepare free-standing nanomembrane materials. The free-
standing nanomembranes are achieved by depositing an
inorganic film onto a polymer sacrificial substrate and
subsequently removing the substrate by physical dissolving/
chemical etching methods. The solvent used is able to
dissolve/etch the sacrificial layer over almost any inorganic

Figure 2. Fabrication of free-standing nanomembranes. (a) Lift-off and rolling of a prestressed nanomembrane. (i) Schematic diagram illustrating
the process to release and shape a prestressed nanomembrane into a tube on a photoresist. (ii−iv) Optical images of rolled-up TiO2, ZnO, and
Al2O3 nanomembranes. Adapted with permission from ref 68. Copyright 2008 Wiley-VCH Verlag. (b) Lift-off ALD nanomembrane from a
dissolvable sacrificial layer. (i) Schematic diagram illustrating the fabrication process. (ii) SEM images of TiO2 nanomembranes with 100 ALD
cycles. Adapted with permission from ref 69. Copyright 2016 Elsevier BV. (iii) Pictures of TiO2/PMMA bilayer sheets. Adapted with permission
from ref 46. Copyright 2014 American Chemical Society. (c) Lift-off ALD nanomembrane from the porous sponge substrate. (i) Schematic
illustration of the fabrication process of ZnO nanomembranes by ALD onto a porous sponge substrate. (ii) SEM image of the ZnO
nanomembrane. Inset is the digital photo of a bottle of free-standing ZnO nanomembranes. Reprinted with permission from ref 74. Copyright 2018
Royal Society of Chemistry. (iii) SEM image of C/ZnO/C nanomembranes. The cross-sectional image and the elemental distributions are also
demonstrated. Adapted with permission from ref 76. Copyright 2018 Royal Society of Chemistry.
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material with practically 100% selectivity.37 Therefore, many
material sets could be engaged in fabricating free-standing
nanomembranes. More importantly, shaping nanomembranes
into three-dimensional architectures like rolled-up tubes can
provide fascinating applications in photonics, medicines,
fluidics, and biosensors.65−67

Mei et al.68 developed a versatile method to roll a
prestressed ALD nanomembrane with a simultaneous releasing
process (Panel (i) of Figure 2a). The strain and strain gradient
were introduced during deposition by heating or cooling the
materials with different coefficients of thermal expansion. For
the ALD Al2O3 nanomembrane, the researchers kept the
substrate temperature at 80 °C for the bottom layer and room
temperature for the top layer.68 This process exerted good and
predictable control over the strain state during film deposition.

After dissolving the sacrificial layer (here: photoresist) by
acetone, the film was released and rolled up into the
micronanostructure. TiO2, ZnO, and Al2O3 microtubes were
obtained as shown in Panels (ii), (iii), and (iv) of Figure 2a.
Because the photoresist layer could be pattered using
conventional photolithography, the above nanomembrane
was self-patterned during deposition,68 thus providing
convenience in accurate positioning of the rolled-up nano-
membrane and modeling integration on a single chip.
Lee et al.46 and Edy et al.69 utilized dissolvable poly(vinyl

alcohol) (PVA) and poly(acrylic acid) (PAA) as the sacrificial
layer (Figure 2b) to synthesize free-standing oxide nano-
membrane materials. They chose PVA and PAA as the
sacrificial layers because of their ability to promote ALD metal
oxide nucleation and their water solubility.46 The TiO2

Figure 3. (a) C/ZnO nanomembrane sponge and its performance in lithium storage. (i) Schematic diagram and (ii) SEM image of the C/ZnO
nanomembrane sponge. (iii) Areal capacity of the C/ZnO nanomembrane sponge anode for the Li-ion battery and other ZnO-based anodes.
Adapted with permission from ref 74. Copyright 2018 Royal Society of Chemistry. (b) ZnO/TiO2 bilayer nanomembranes and their performances
in photocatalytic degradation. (i) Schematic illustration of the fabrication process of ZnO/TiO2 by performing 150 cycles of ZnO and 200 cycles of
TiO2. (ii) Picture of TiO2/ZnO bilayer nanomembranes dispersed in DI water and nanomembranes collected in a vial (inset). (iii)
Photodegradation of methyl orange with UV-irradiation time with no nanomembranes, TiO2 nanomembranes, ZnO nanomembranes, and ZnO/
TiO2 bilayer nanomembranes. Adapted with permission from ref 73. Copyright IOP Science 2014. (c) ZnO nanomembrane based printed
ultraviolet photodetector and performance. (i) Schematic illustration of a printed ZnO nanomembrane based ultraviolet photodetector. (ii) Photo
of the ZnO nanomembrane-based nanoink and letters “FD” on the silicon oxide substrate written by using the nanoink. (iii) Responsibility of the
ultraviolet photodetector under different irradiated power densities. Adapted with permission from ref 78. Copyright 2019 American Institute of
Physics. (d) Application of the free-standing Al2O3 nanomembrane in fabricating the FET device. (i) Schematic and (ii) SEM image of the top-
gated graphene FET device. Inset in panel (ii): SEM image with large magnification showing the 50 nm Al2O3 nanomembrane on graphene. (iii)
Transfer curve of the FET. Reprinted with permission from ref 81. Copyright American Chemical Society 2014.
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nanomembrane with controlled thickness was first deposited
onto sacrificial layer and then was released and floated on the
surface of water by dissolving PVA in deionized water (Panel
(i) of Figure 2b).69 The synthesized nanomembrane was
uniform and showed ultrathin and flexible properties (Panel
(ii) of Figure 2b).69 By simply changing ALD cycles, the
thickness of the TiO2 nanomembrane was precisely tuned.
Free-standing ZnO nanomembranes and Al2O3 nanomem-
branes were also synthesized by using this method. The
thinnest thickness that could be isolated and imaged was 1.1
nm and 1.3 nm for Al2O3 and TiO2 nanomembranes.41 The
sacrificial layer showed the effect on the resulting nano-
membrane thickness, lateral size, and surface structure. From
Lee’s report, PVA was the most suitable substrate to separate
the ALD film with the larger size (up to 5 mm across) while
the PAA polymer led to small pieces less than 1 μm across.46

This was because PAA showed high solubility and dissolved
faster in water. The rapid dissolution likely added stress to the
adhering ALD layer, causing a break and fracture of the oxide
layer. The ALD lift-off method could also be used to create
organic/inorganic bilayer heterojunction nanomembranes. For
example, Lee et al.46 utilized the PMMA/PVA bilayer polymer
stack to obtain the oxide/PMMA bilayer sheet (Panel (iii) of
Figure 2b). Because PMMA dissolved in a different solution
from PVA, after dissolving PVA in water, free-standing TiO2/
PMMA and ZnO/PMMA sheets were obtained. The
synthesized organic/inorganic bilayers had separated organic
and inorganic regions which may endow them unique
characters for applications in the fields of electronics, optics,
and bioengineering.70−72

However, only a small amount of the oxide layer was
deposited on the substrate arising from the limited available
surface area of the planar substrate.46,69 By using ALD ZnO on
porous sponge template with a larger surface, Pan et al.73

synthesized large amounts of TiO2 nanomembranes (Figure
2c). Facilitated by the intrinsic advantage of ALD technology,
the deposited TiO2 film conformally coated on all “skeletons”
of the sponge.73 After thermal removal of the template, a
monolithic TiO2 sponge was obtained with the microstructure
duplicating the original template (Panel (i) of Figure 2c).
Numerous nanomembranes were obtained after ultrasonic
treatment of the TiO2 sponge in solution. Zhao et al.74 also
obtained ZnO nanomembranes by using the sponge-templated
ALD process (Panel (ii) of Figure 2c). By changing the
thermal-treatment temperature, TiO2 nanomembranes with
anatase and mixed anatase and rutile phases were obtained.
Besides the single phase nanomembrane, ALD is feasible for
designing multiple-compound-layered structures by applying a
multiple binary ALD process into a supercycle.26 As an
example, TiO2−ZnO composite nanomembranes were synthe-
sized by performing m cycles of the TiO2 binary process and n
cycles of the ZnO binary process.75 The tuning of the
composition was achieved by changing the m/n ratio, the
deposition sequence, and the arrangement of the sublayer
stacks. Besides, by pyrolyzing the ZnO layer coated sponge
template in inert gas, a sandwiched structure, porous carbon/
metal oxides/porous carbon nanomembranes, was obtained
(Panel (iii) of Figure 2c).76 During the pyrolysis process, the
template was transferred to carbon. Meanwhile, hydrocarbons
generated with increasing temperature underwent a secondary
pyrolytic deposition on all exposed surfaces. As in the case of
porous carbon/ZnO/porous carbon (C/ZnO/C) nanomem-
branes with 200 ALD cycles of ZnO, the nanomembranes

consisted of a three-layer structure with 32 nm ZnO
sandwiched between two carbon layers with thicknesses of
30 and 38 nm, respectively (Panel (iii) of Figure 2c).
These synthesized nanomembranes with favorable thickness,

crystalline phase, and composition showed the desired
performance as a supercapacitor,77 in printed electronics,78 as
a lithium ion battery,74,79,80 and as a photocatalyst.46,69,73,75

ZnO nanomembranes demonstrated their superiority for fast
and long-lifespan lithium storage by providing a shortened ion
diffusion length and accommodating strain.76,79 When
uniformly dispersing ZnO nanomembranes in a carbon foam
matrix, ZnO nanomembranes adhered to the carbon foam
framework closely (Panels (i) and (ii) of Figure 3a).74 The
synthesized anode retained 92% capacity after 700 cycles at 2
A g−1 and after 500 cycles at 5 A g−1. The large surface area
and high porosity of the carbon foam also increased the mass
loading of ZnO nanomembranes. Thus, the composite C/ZnO
nanomembranes foam manifested a remarkable areal capacity
of 4.3 mAh g−1 (Panel (iii) of Figure 3a). On the other hand,
the C/ZnO/C nanomembranes showed great promise for fast
and stable lithium ion storage.76 The capacity was up to 330
mAh g−1 at 5000 mA g−1, and no obvious capacity decay was
observed after 1650 cycles. The fast and stable charge/
discharge performance was because the outer thick carbon
coating enhanced conductivity and suppressed the expansion
of the inner oxides. The performance of the composite
nanomembrane showed significant dependence on the thick-
ness and composition. The authors investigated the stability of
the solid-electrolyte interphase of CZC nanomembranes with
different ZnO layer thicknesses.76 The study pointed out that a
critical thickness ratio of ZnO to the carbon layer may exist,
and the carbon layer was prone to fracture in the case of a large
thickness ratio. The results have important applications in
designing carbon/metal oxide composites for high perform-
ance anodes of Li-ion batteries. Li et al.79 have also synthesized
the ZnO nanomembrane onto expanded graphite and got a
self-standing paper-like film. The expanded graphite provided
mechanical support for ZnO, which avoided the pulverization
of ZnO. Therefore, the composite shows a high stable capacity
of 438 mAh g−1 after charging and discharging for 500 cycles.
TiO2 nanomembranes have especially drawn much attention

in photocatalytic systems because of larger contact area
between the TiO2 nanomembrane and the solution and the
thinner carrier diffusion length. Pan et al.73 investigated the
crystalline phase effect on the photocatalytic degradation
performance of TiO2 nanomembranes. They found that the
TiO2 nanomembrane with mixed anatase and rutile phase
showed better photocatalytic performance than the pure
anatase TiO2 nanomembrane. This was ascribed to the synergy
between anatase and rutile which led to spatial charge
separation and hindered the recombination.73 In addition,
the TiO2/ZnO bilayer structure showed an enhanced photo-
catalytic rate compared with the single compound TiO2
nanomembrane and ZnO nanomembrane (Panels (i), (ii),
and (iii) of Figure 3b).47 The increase was ascribed to the
separation of photogenerated electrons and holes and spatially
separated oxidation and reductions to different sides of the
nanomembrane.42 Printing electronic technology has some
advantages over the traditional device fabrication technology
with regard to simple fabrication, large-area production, and
low cost. Guo et al.78 used ZnO nanomembranes as the
electrical constitution of nanoinks to prepare printed ultra-
violet photodetectors (Panels (i) and (ii) of Figure 3c). The
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printed film from the two-dimensional (2D) nanomembrane
based nanoink reduced the grain boundaries and enabled a full
surface coverage, leading to high-performance electronic thin
films. Such a printed ultraviolet photodetector exhibited a high
responsivity of 148 A/W (Panel (iii) of Figure 3c) and a
response time of 19 s. This study provided a practical method
to produce large amounts of functional nanomembranes for
printing electronics and paved the way for developing high-
performance, low cost, and large-area printing or flexible
electronics. The same method can also be used to produce
some key components of microelectronic devices. Kim and
colleagues81 carried out ALD on a sacrificial layer to fabricate
transferrable free-standing Al2O3 nanomembranes and success-
fully applied them into field-effect transistors (FET) as a high-k
dielectric material (Figure 3d). As the schematic (Panel (i) of
Figure 3d) and the SEM image (Panel (ii) of Figure 3d) show,
the Al2O3 nanomembrane was transferred onto the graphene
matrix utilized as a gate dielectric. Panel (iii) of Figure 3d
shows ID−VG curves with different VD values, and the results
indicate that the increase in VD induces the increased current
and the shift of the curves to the positive voltage direction. It
can be calculated that the field-effect mobilities are ∼2200 and
∼800 cm2/(V s) for the hole and electron, respectively. This
typical work demonstrates that the ALD-derived transferrable
nanomembranes can be used for the assembly of micro-
electronic devices. This also provides a feasible route for mass
production of high-performance flexible electronic devices.81

2.2. Free-Standing Oxide Nanopillars and Nano-
tubes. ALD technology combined with the template-assisted
method is capable of preparing three-dimensional complex
nanostructures like nanopillars and nanotubes.82−87 This
approach has been reviewed in several excellent
works.16,23,24,88 Particularly, Hu et al.88 have systematically
reviewed the relevant materials and technologies involved in
this approach and given comprehensive conclusions. There-
fore, here we briefly introduce some advanced free-standing
nanotube and nanopillar structures derived from the ALD
technique.

The template-based ALD approach has been extensively
investigated in the synthesis of nanotubes by using a two-step
growth process: the deposition of the target material on a
nanostructured template and the subsequent removal of the
template via high temperature thermal treatment or chemical
etching to obtain the free-standing nanostructure.16,23,24,89

Mainly three types of templates including a CNT,21,82−84

anodic aluminum oxide (AAO),90,91 and polymeric templates
(polymer nanofiber)85−87 have been used. These structures
possess a well-defined nanoscale tubular geometry, which
could be functionalized or used as a template for nanotubes of
various inorganic materials. As an example, Min et al.83 first
reported the fabrication of RuO2 nanotubes via ALD on CNT
arrays by using Ru(od)3/n-butylacetate solution (od = octane-
2,4-dionate) and O2 as precursors at 300 °C. The resultant Ru-
coated CNT arrays were then oxidized at 500 °C in O2 to
remove the inner CNTs, resulting in free-standing RuO2
nanotubes. Jin Fan et al.92 first reported the fabrication of
single-crystal ZnAl2O4 spinel nanotubes by the Kirkendall-
based fabrication route as shown in Figure 4a. A uniform
amorphous Al2O3 layer was deposited on the single crystal
ZnO nanowire (diameter: 10−30 nm, length: up to 20 μm) by
ALD to form the ZnO/Al2O3 core−shell nanowires. The
interfacial solid-state reaction and diffusion occurred when the
nanowire was annealed in air at 700 °C. In this case, a
complete ZnAl2O4 spinel nanotube was formed by an extreme
Kirkendall process, where only one-way migration of ZnO into
Al2O3 occurred.

92 In another spinel system such as MgAl2O4,
the formation of the tubular structure was not directly due to
the Kirkendall effect.93 MgO nanowires were coated with a
conformal Al2O3 layer by ALD and were subsequently
annealed at 700 °C to activate the interfacial reaction. The
diffusion involved counter-diffusion of Mg2+ and Al3+ cation
pairs while the oxygen sublattice was fixed, known as the
Wagner counterdiffusion mechanism. Because of excess of
MgO core for the complete spinel reaction, part of the core
MgO nanowire remained to form the MgAl2O4−MgO shell−
core coaxial nanowire. By selective removal of the MgO core in

Figure 4. (a) Schematic illustration of the transformation of ZnO/Al2O3 core−shell nanowires to ZnAl2O4 nanotubes by means of the Kirkendall
effect. Adapted with permission from ref 92. Copyright Springer Nature 2006. (b) Schematic of nanoconfined ALD of TiO2/Pt nanorockets.
Adapted with permission from ref 95. Copyright Wiley 2017. (c) Characterization of nanorockets. TEM images of (i) a group of TiO2/Pt
nanorockets and (ii) a zoom-in single nanorocket, showing the mildly conical structure of the nanorocket. (iii) TEM image and STEM-EELS
elemental maps of (iv) Ti and (v) Ti + Pt. Scale bars: (i) 100 nm; (ii) 20 nm; (iii−v) 50 nm. Adapted with permission from ref 95. Copyright
Wiley 2017.
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aqueous (NH3)2SO4 solution, the single-phase spinel nano-
tubes were obtained. This process can also be extended to
form other MgO-based spinel oxide nanotubes by coating
MgO nanowires with other ALD-processable oxides.93

The lithography technique has also been used to produce a
highly periodic and ordered nanostructure as the template for
the ALD synthesis of the nonplanar nanostructure. By
combining the ALD with the block copolymer lithography,
highly ordered free-standing TiO2 nanopillar arrays with
atomic layer control of the wall thickness were fabricated.94

Similarly, Li et al.95 reported the smallest man-made rocket
engine, i.e., TiO2/Pt nanotubes (Figure 4b,c). In the
experiment, the vertically cylindrical nanopore array with a
length of 150 nm and diameter of 60 nm was fabricated by
block copolymer lithography. Then the subsequent depositions
of the TiO2 and Pt layers were carried out by ALD. After
removal of the overlayers and outer template by reactive ion
etching and calcining, the freestanding coaxial TiO2/Pt
nanotubes containing a hollow cylindrical chamber with an
inner diameter down to 20 nm were obtained.95

It is obvious to see that one of the advantages of the ALD-
derived free-standing oxide nanostructures is that the
combination of ALD and micro/nano-fabrication technology
enables the fabrication of complex nanostructures that are
detached from the substrate by a relatively simple approach.
These interesting structures greatly broaden the application of
ALD technology in various fields, which are not only the
preparation of nanoscale materials with controllable thickness
but also the fabrication/assembly of various novel devices, such

as tubular optical microcavities, electrodes, and transis-
tors.68,74,78,81

3. TMDs

In parallel to the intensive research on graphene-like materials,
TMDs and MX2 (M = Mo or W and X = S, Se, or Te) have
attracted wide attention owing to their excellent electrical and
optical properties.96−98 Growth of layered MX2 onto a support
requires controlling the deposition at the atomic scale. Because
of its relative low temperature, reproducibility, versatility, and
layer-controlled precision of the thickness, ALD appears to be
an excellent technique to synthesize 2D materials.99

For the preparation of TMD materials directly by ALD,
some reports and reviews have been published,100−104 which
have made some systematic conclusions on the precursors,
materials types, and characterizations. However, due to the
limitation of the organic precursors of ALD, the complexity of
the whole process (such as the equipment construction and
exhaust gas treatment) and the high cost (normally the
precursors), a facile strategy based on the first-step ALD and
second-step thermal treatment has become an attractive way to
fabricate controllable TMDs layers.56 Besides, the post-
treatment of the chemical vapor reaction to form target
materials is also an effective and cheap method to synthesize
TMDs which has been emphasized by Manzeli et al.105 For
example, Dai and colleagues implement ALD and the following
vapor treatment to produce the MoSe2 films through the
selenization of an induced layer of ALD MoO3 in the furnace
tube as displayed in Figure 5a.106 This method is essentially
performed using the nucleation reaction of the induced/

Figure 5. (a) Schematic of the AIG process of MoSe2 nanosheets. Reprinted with permission from ref 106. Copyright Springer 2018. (b) Schematic
of the TMD growth based on the AIG strategy. Adapted with permission from ref 107. Copyright American Chemical Society 2013.
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assisted layer (normally an oxide nanomembrane) prepared by
ALD during the post-vapor treatment, as schematically shown
in Figure 5b.107 Therefore, it can be considered as a model of
inducing the growth of TMD thin films derived from ALD. In
order to study the advantages of AIG TMD materials, here in
this chapter, we focus on (i) TMDs layers by AIG, (ii) the
applications of the AIG TMDs, and (iii) the advantages and
disadvantages of the route.
3.1. AIG for TMDs: Materials and Mechanisms. Kim’s

group from Yonsei University implemented the AIG method
to fabricate the WS2 film on SiO2/Si substrates with systematic
layer controllability and wafer-level uniformity.107 They ALD
deposited a WO3 film on the wafer first by using WH2(iPrCp)2
and O2 plasma as precursors, respectively, at 300 °C.
Subsequently, they used the gas generated by the sublimation
of sulfur powder in the H2S and Ar atmosphere to react with
predeposited WO3 to obtain a WS2 film with a visually uniform
outcome. The work provides preliminary evidence of the
feasibility and practicality of the AIG approach in view of the

successful synthesis and developed applications. After that,
some TMD developments including MoS2,

108−110 Bi2S3,
111

and MoSe2
112 based on this method were reported. Martella et

al.110 fabricated MoS2 layers via AIG-vapor by using ALD
MoOx as the film precursor and investigated the properties of
the products. The obtained MoS2 shows the same granular
nature as that of the molybdenum oxide precursor with a slight
roughness increase. The study carried out the AIG method to
provide an idea for the synthesis of MoS2 and to explore the
effect of the ALD oxide precursor on the product. Keller et
al.108 also applied the AIG-vapor strategy to fabricate large-area
MoS2 monolayers (AFM image in Figure 6a (i)). They found
that the sulfur incorporation and molybdenum reduction at a
low temperature, but higher temperatures are required for 2H
crystal structure formation via the chemical analysis during a
multistep thermal sulfur treatment. The Raman spectra (Panel
(ii) of Figure 6a) give good consistency with the results of
those traditional CVD-produced MoS2,

113,114 while the
difference is less than 20 cm−1 (19.7 cm−1). A well-behaved

Figure 6. (a) Characterization of AIG-vapor deposited MoS2. (i) AFM of monolayer MoS2 with a trace showing an ∼1 nm film thickness (scale
bar, 1 μm) and (ii) Raman spectroscopy of monolayer, bilayer, and few layer MoS2 samples based on E2g and A1g peak separation. Adapted with
permission from ref 108. Copyright American Chemical Society 2017. (b) Characterization of AIG-vapor deposited Bi2S3. (i) AFM image recorded
from the sulfurized Bi2S3 samples, with 1000 cycle Bi2O3 thin film samples sulfurized at 500 °C and (ii) Raman spectra collected at room
temperature from the sulfurized Bi2S3 thin films grown on quartz substrates with Bi2O3 thin films of different ALD cycles. Adapted with permission
from ref 111. Copyright RSC 2014. (c) Characterization of AIG-vapor deposited MoSe2. (i) AFM image of three-layer MoSe2 after transfer onto a
SiO2 substrate. (ii) Raman spectrum of the as-grown three-layer MoSe2 nanosheet. The inset shows a schematic of Raman active vibration modes.
Blue and orange balls represent Mo and Se atoms, respectively. Adapted with permission from ref 112. Copyright Springer 2018.
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layer control and uniformity for the wafer scale and the 2H-
crystalization MoS2 in the sequent nucleation step made this
method an efficient growth method for synthesizing and tuning
the product layer, simultaneously. The work also indicates that
more improvements are required for an ideal growth. This may
include the optimization of the parameters like the growth
temperatures, the type of gas used, and the surface treatments
of the ALD oxide nanomembrane, so that sub-1 nm nucleation
control of the nucleation domains in the post-treatment can be
achieved.108

Liu et al.111 carried out some studies on another sulfur
compound, Bi2S3, by using the AIG-vapor method. The Bi2O3
film was deposited on different substrates by ALD first, and
subsequently the samples were sulfurized. As the AFM image
illustrated in Panel (i) of Figure 6b, the surface morphology of
the 1000-ALD-cycles Bi2O3 film after sulfurization on the Si
substrate is granular at the nanoscale. The X-ray diffraction
(XRD) patterns of sulfurized films with various cycles is highly
matched with the theoretical orthorhombic Bi2S3 pattern,
suggesting the existence of the Bi2S3 crystal. In addition, the
five phono modes (P′1−P′5) in the Raman spectra (Panel (ii)
of Figure 6b) are in accordance with the Raman active
phonons of Bi2S3 reported in previous work,115 further
providing clear-cut evidence that the Bi2O3 layer was converted
into the Bi2S3 film after the sulfurization. It can also be
observed that the scattering intensities increase with the
nominal film thickness, which is determined by the number of
ALD cycles (Panel (ii) of Figure 6b). Similar to the sulfide,
selenide has also been developed via the AIG vapor route to
achieve a high uniformity and controllability. Dai and
collaborators synthesized layered MoSe2 nanosheets (AFM

image in Panel (i) in Figure 6c) by selenizing the ALD-
deposited MoO3 film through the AIG method by using the
selenium powder as a reactant under the H2 and Ar
atmosphere.112 The three Raman modes (Panel (ii) of Figure
6c) clearly prove that the selenization can induce the
nucleation of MoSe2.
Some studies concerning the growth mechanism of this

inducing process have also been published. The first finding is
that there exists a critical temperature during the transition
reaction from oxide to sulfide. Grossman et al.108 confirmed
this in their study by analyzing the elements of MoS2 samples
prepared at different temperatures. Their results showed that
the 2P peak of S is sharpened and a weak Raman signal
emerges in the film fabricated at ∼600 °C, which proves the
initial formation of the MoS2 crystal. Afterward, a large number
of MoS2 crystals would be formed when the temperature is
more than 700 °C. When the temperature increases to 900 °C,
the formation of the 2H phase MoS2 is noticed.

108 Second, the
work of Schwartzberg’s group demonstrated that the humidity
plays an important role in the growth of TMDs.116 They found
that the unintentional or intentional presence of water
enhances the volatilization, and the vapor enhances the
transportation of tungsten and molybdenum oxide. The results
showed that, when using water vapor as an involvement of the
sulfurization reaction, monolayer single-crystalline islands form
under the water atmosphere which promoted the continuous
growth of MoS2.

116 The latest research by Markeev et al.117

found that MoS2 with low crystallinity starts to appear when
the temperature is close to 500 °C, while the grain growth
occurs at 500−1000 °C. They divided the sulfurization process
of inducing growth into two steps: a conversion and

Figure 7. (a) AIG-vapor deposited MoS2 for batteries. (i) Schematic of the battery testing system. The cathode is the MoS2 film with molecular
layers perpendicular to the substrate, where the green and yellow colors represent the edge sites and the terrace sites, respectively. (ii) Galvanostatic
discharge curve representing the lithiation process. Reprinted with permission from ref 109. Copyright National Academy of Sciences 2013. (b)
AIG-vapor deposited MoS2 with Li intercalation for HER electrocatalysis. (i) TEM image of MoS2 by Li electrochemical intercalation to 1.1 V vs
Li+/Li. (ii) Polarization curves of pristine and lithiated MoS2 on mirror polished glassy carbon, with the catalytic activities improved by lower
voltage Li intercalation. Adapted with permission from ref 109. Copyright National Academy of Sciences 2013. (c) FET based on monolayer WS2
deposited by AIG vapor. (i) Structure schematic on the monolayer WS2. (ii) Transfer curve for the FET. Reprinted with permission from ref 107.
Copyright American Chemical Society 2013. (d) Gas sensor based on AIG-vapor deposited WS2. (i) Scanning electron microscopy image of the Ag
nanowire-functionalized WS2 film. (ii) Gas-sensing results of the Ag nanowire-functionalized WS2 gas sensors consisting of a four-layer WS2 film
upon NO2 exposure (25, 50, 100, 200, and 500 ppm). Adapted with permission from ref 119. Copyright American Chemical Society 2016.
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crystallization step at ∼500−700 °C and grain growth with the
(0001) plane parallel to the substrate at over 900 °C. This also
revealed that even the molybdenum oxide with a low melting
point (∼795 °C) can be converted to MoS2 in this reaction.117

Besides, the researchers108,110,117 also found that MoS2
conversion reaction is originally initiated by the elemental
sulfur on the oxide surface. As the reaction temperature
increases, the ionic bond between oxide layers and the
elemental sulfur on the surface decreased, which contributed
to the formation of the MoS2 film layers.
It can be concluded from this research that the properties

and crystal quality of the final TMD product can be controlled
by a variety of factors, including temperature, heating rate, and
humidity.116 The temperature gradient control plays a
significant role in the crystallization of MoS2,

108,110,117 while
influence from some other factors during AIG of TMDs may
need further investigation.
3.2. AIG for TMDs: Applications and Performance.

Figure 7 exhibits the remarkable versatility of layered TMD
materials by AIG, and their application examples in

batteries,109 electrocatalysis,109 field-effect transistors,107,118

and gas sensors.91 In the field of batteries (Figure 7a), Wang
and colleagues developed vertically aligned MoS2 films on
carbon fiber papers by AIG which was then used as the
cathode of the Li-ion battery (Panel (i) of Figure 7a).109 Panel
(ii) of Figure 7a shows the electrochemical intercalation of Li+

in detail. It was found that Li+ intercalation in this battery
could achieve the phase transition of the MoS2, from the 2H
phase to the 1T phase (semiconductor phase to metal phase
transition). The obtained LiMoS2 film (corresponding trans-
mission electron microscopy (TEM) image in Panel (i) of
Figure 7b) was capable of improving the hydrogen evolution
reaction (HER) performance, as shown in panel (ii) of Figure
7a. It can be observed that, compared with the pristine film,
MoS2 films modified with lithium ions show better catalytic
performance. The research demonstrates the advantage of
synthesizing TMD films with accurate control of nanoscale
structures (vertically aligned films) by AIG and the
accessibility of fabricating materials on various substrates
with readily diverse chemical or physical treatment (here in

Figure 8. (a) Reaction procedures and mechanisms of AIG liquid. (i) Schematic illustration of a synthetic procedure of MOF/fiber textiles using
ALD oxide-coated fibers, followed by reacting with organic linkers solutions. Adapted with permission from ref 146. Copyright Cell Press 2020. (ii)
Schematic of the rapid room-temperature synthesis of HKUST-1. Reprinted with permission from ref 147. Copyright American Chemical Society
2015. (iii) Time-resolved infrared absorption spectra for surface reactions to form the HKUST-1 film. Adapted with permission from ref 149.
Copyright American Chemical Society 2017. (b) Reaction procedures and mechanisms of AIG vapor. (i) Schematic of the all-vapor phase ZIF film
fabrication process. Adapted with permission from ref 152. Copyright American Association for the Advancement of Science 2018. (ii) Schematic
overview of the ZIF-8 film transformation mechanism. (iii) Plot of the time-resolved diffraction patterns viewed down the intensity axis, showing
the transformation of crystalline phases in a 1:2 mixture of crystalline ZnO and 2-methylimidazole powder at 130 °C. Adapted with permission
from ref 153. Copyright Springer Nature 2016.
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this work is electrochemical insertion of lithium ions) to get
new materials. It can be expected that one single TMD film on
the substrate can be designed or functionalized with different
scales, patterns, and properties through the AIG process.
Except for the energy related devices, a huge capacity in field

effect transistors (FET) devices can also be found on ALD-
based TMDs.48 The AIG-vapor deposited WS2 was assembled
to a FET as the high-k dielectric gate insulator (Figure 7c (i))
by Kim’s group.107 Panel (ii) of Figure 7c shows the testing
results of the device at the room temperature in air. The
extracted field effect electron mobility is 3.9 cm2/(V s), and the
subthreshold swing value is as low as 0.6 V/dec, both of which
are comparable to the CVD MoS2 device and exfoliated MoS2
device, demonstrating the good quality of the WS2 film
produced by AIG.107 Ko et al.119 developed an Ag nanowire-
decorated, large-area WS2 nanosheet by AIG, using the ALD
WO3 as the induction layer and the H2S postsulfurization. By
controlling the number of ALD cycles, WS2 with different
numbers of layers can be obtained. The four-layer WS2 FET
based gas sensor (shown in Panel (i) of Figure 7d) is able to
show a dramatically improved response upon NO2 exposure.
As presented in Panel (ii) of Figure 7d, a 667% response of the
NO2 gas can be achieved, which can be attributed to the redox
potential alteration of 2D TMDs and the promotion of
adsorption of NO2 molecules by generating intermediate states
between the NO2 gas phase and the adsorbed NO2 on WS2.

120

It is noteworthy that TMD layers produced by both
conventional ALD and AIG approaches were engaged in
various applications including energy and electronics due to
the precisely controllable size in nanoscale and high
accessibility on different matrixes. The electronic structure
changes of TMDs and interface effects brought about by these
two advantages have also proved to be beneficial to the device
performance.107,109,112

The above research advocates the utilization of the vapor
phase method for postprocessing. It is probably because the
vapor reaction steps are relatively simple, which facilitates the
preparation of the uniform product with a large area. Besides,
according to the research of Keller et al.108 and Liu et al.,111

the interface between the substrate and the ALD induction
layer may affect the postprocessing steps, which plays a guiding
role in the synthesis of another kind of layer materials. The
process of AIG-vapor basically consists of the replacement of
oxygen elements and the nucleation and crystallization growth
of TMDs, which may require further detailed research and
characterizations for full understanding of the mechanism.
Nevertheless, it is clear that this approach could have
enormous potential for large-scale fabrication of some other
sulfide, selenide, or telluride and for flexible integration of
these layered materials.

4. MOF FILMS
Since the discovery of MOF materials,121−124 they have been
widely investigated because of their own properties such as
large specific surface area, directional metal ion doping, and a
stable carbon source.125−129 It is because of these character-
istics that MOF materials have been widely studied in the
various fields such as energy,130−134 separation,135−137 and
biology.138−141 The conversion of MOFs from bulk material to
layered material means that the application of MOFs can be
enriched, especially in the field of integrated microelectronics
and biosensors.142−144 However, it is difficult to accurately
produce MOF films by the conventional solvothermal method.

Some investigations have been developed on solvent coating
methods to prepare MOFs films, which, however, could lead to
the peeling of MOF particles.

4.1. AIG for MOF Films: Process and Mechanisms.
Recently, some researchers have developed several promising
methods to build stable and uniform MOF membranes via
AIG-liquid or AIG-vapor. It is worth mentioning that
Ahvenniemi and Karppinen developed a direct gas-phase
route to produce a crystalline MOF thin film through ALD.145

A highly crystalline copper(II)terephthalate (Cu-TPA) MOF
thin film was fabricated by using Cu(thd)2 (copper 2,2,6,6-
tetramethyl-3,5-heptanedione) as the copper precursor and
terephthalic acid (TPA) as the organic precursor, respec-
tively.145 The XRD pattern of the as-deposited film shows
perfect consistency with the paddlewheel-type MOF-2
structure.145 Obviously, the ALD technology itself contributes
to the synthesis of membranes or layered materials, but the
reports of direct synthesis of MOFs by ALD are relatively
scarce at present, which requires intensive research on the
development of the corresponding ALD precursors in the
future.
Thus, as shown in Figure 8, here we focus on the emerging

AIG strategies to fabricate MOF films from the two
perspectives of different post-treatments, i.e., liquid (blue
region) and vapor (canary yellow region) treatments. On one
hand, by using the ALD technology to construct induction
layers and further liquid-phase reaction growth, some large,
uniform, and firm loads of MOF films on a variety of substrates
(Panel (i) of Figure 8a show a schematic diagram of MOF
preparation on fabric) has been successfully developed by the
Parsons group.146 Zhao et al.147 synthesized a HKUST-1 film
by using the AIG-liquid method at room temperature. As
illustrated in Panel (ii) of Figure 8a, a new mechanism was
proposed to explain the transformation and growth of the
MOFs films. The ZnO membrane was deposited first using
ALD and then transformed to (Zn, Cu) hydroxy double salt
(HDS) after the reaction with copper nitrate.117 Similar to
layered double hydroxides (LDHs), the obtained HDSs are
layered materials consisting of cationic sheets connected by
inorganic/organic interlamellar anions.148 Besides, an in situ
time-resolved attenuated total reflectance infrared spectrosco-
py (Panel (iii) of Figure 8a) was applied to reveal the detailed
reaction process of the nucleation of HKUST-1,149 during
which both the formation of HDSs and the conversion of
HKUST-1 reactions follow the pseudo-first-order kinetics.
However, AIG-liquid is not suitable for the preparation of
MOFs under any conditions, especially when the substrate is
vulnerable to the reaction environment (such as on the chip in
the ultraclean environment). Liquid reaction and the tradi-
tional solvothermal method may also cause contamination and
corrosion.150,151 In view of this issue, vapor treatment has
become another promising strategy to fabricate MOF films.
As mentioned above, a certain number of TMDs has been

successfully synthesized by the AIG-vapor strategy. As
illustrated in Panel (i) of Figure 8b, the AIG-vapor for
MOFs generally consists of two steps: the deposition of the
oxide induction layer and the sequent organic ligand vapor
reaction, which is similar to the process in the case of TMDs
but different in crystal growth.152 Ameloot and colleagues first
demonstrated the totally chemical vapor process to fabricate
layered ZIF-8 by utilizing the ALD-ZnO film as theinduction
layer and 2-methylimidazole vapor-treatment.153 The white
powdery 2-methylimidazole was heated as the organic
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precursor, facing toward the as-deposited ZnO film, to get a
sufficient vapor reaction in a closed reactor vessel.153 It can be
concluded as a typical AIG-vapor strategy by which the ZIF-8
film has been elegantly deposited without any solution
involved. As the schematic displayed in Panel (ii) of Figure
8b, a new reaction mechanism called the neutralization

reaction was proposed to describe this AIG process. The in
situ powder XRD patterns (Panel (iii) of Figure 8b) suggest
that no phases other than 2-methylimidazole, zinc oxide, and
ZIF-8 are detected at any time. By establishing a function
between the mass fraction and reaction time of the vapor
treatment, they also found that the neutralization reaction front

Figure 9. (a) HKUST-1 film deposited onto polystyrene spheres. (i) SEM image and (ii) XRD patterns. Adapted with permission from ref 147.
Copyright American Chemical Society 2015. (b) Cu-TCPP film fabricated on polypropylene fibers. (i) SEM image and (ii) XRD patterns. Adapted
with permission from ref 159. Copyright Wiley 2019. (c) ZIF-8 film coated on carbon foam. (i) SEM image and (ii) XRD patterns. Adapted with
permission from ref 161. Copyright Elsevier 2020. (d) ZIF-67 film deposited on carbon foam. (i) SEM image and (ii) XRD patterns. Adapted with
permission from ref 162. Copyright Wiley 2019.

Figure 10. (a) HKUST-1 film deposited on polypropylene fibers. (i) Optical photo of HKUST-1 coated polypropylene fibers and (ii) NH3
breakthrough curves for ALD HKUST-1 coated polypropylene fiber mat with different oxide cycles. Adapted with permission from ref 169.
Copyright Royal Society of Chemistry 2015. (b) Al-PMOF film deposited on a polypropylene textile. (i) Optical photo of a colorimetric MOF/
fiber textile and (ii) oxidation performance of CEES to CEESO conversion over time using varied photocatalysts. Reprinted with permission from
ref 171. Copyright Cell Press 2020. (c) Co, N-codoped carbon sphere on 3D carbon foam derived from a ZIF-67 film. (i) Schematic illustrations of
the composite and (ii) HER performance of the samples. Adapted with permission from ref 162. Copyright Wiley 2019. (d) N-doped carbon
particles on carbon foam derived from the ZIF-8 film. (i) Optical photo of the composite and (ii) specific capacitance of the corresponding
electrodes at various current densities. Adapted with permission from ref 161. Copyright Elsevier 2020.
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progressed deeper into the ZnO, thus mobilizing more Zn2+

for MOF formation, before nucleation and growth of a
continuous ZIF-8 film.153

Based on these ALD-derived principles, a number of MOF
films on various substrates with different morphologies have
been developed,154−158 which inspired a wave of research on
novel MOF film preparations and the extension of the ALD
technique. Some examples of MOF films synthesized by AIG-
liquid and AIG-vapor processes on various substrates are
displayed in Figures 9 and 10.
4.2. AIG-Liquid for MOF Films: Materials and

Characterizations. As shown in Figure 9a, a HKUST-1
film coating microsphere is fabricated by the AIG liquid
process on a sphere matrix, by using the ALD ZnO as the
induction layer and Cu(NO3)2 and 1,3,5-benzenetricarboxylic
acid (H3BTC) as liquid reactants at room temperature.147 The
obtained HKUST-1 film shows a well-behaved crystallization
according to the XRD results (Panel (ii) of Figure 9a), in
which the HKUST-1’s patterns are in accordance with the
simulated patterns. The MOF coating showed a stable
adhesion because of the partially unconverted ZnO layer.147,149

Another example is the water-stable Cu-TCPP film anchored
on a textile for chemical protection.159 After the formation of
HDS, the organic ligand TCPP (H2TCPP = 5,10,15,20-
tetrakis(4-carboxyphenyl)porphyrin)159 was used as the
reactant to form the Cu-TCPP MOFs layer (Panel (i) of
Figure 9b). Unlike the blue Cu-BTC, this MOF film is
composed of aggregated nanosheets after crystallization and
demonstrates a dark purple color. Besides, a typical Zr-based
MOF, UiO-66, was also fabricated on textiles by carrying out
the AIG-liquid route.160 Its derivative, UiO-66-HH2, has also
been successfully prepared and the related chemical properties
and was studied by Lee and colleagues.160 In addition, uniform
and stable ZIF-8 and ZIF-67 films, two kinds of prototypical
MOF materials, were synthesized on a flexible carbon foam via
AIG-liquid by Zhao and collaborators (Figure 9c,d).161,162 It
can be found that these ZIF films are composed of stacked
particles, and the geometry of the particles is a polyhedron,
similar to the ZIF powder fabricated by the conventional
route.163 Meanwhile, good adhesion between the particles and
the substrate has also been demonstrated due to the presence
of the induction layer.161,162 The corresponding XRD patterns
(Panel (ii) in Figure 9c,d) indicate a good crystal feature of
these MOF films.
4.3. AIG-Liquid for MOF Films: Applications and

Performance. Due to the emergence of this AIG technology,
some assembled devices based on MOF films have been
developed and utilized. Figure 10 exhibits typical the
applications and corresponding performances of these MOF-
based structures, which are produced by the AIG-liquid
strategy. Generally, MOFs were considered to have the
potential for gas screening or gas separation because of its
porous nature.121,164 Thus, MOF films prepared by AIG also
demonstrated remarkable achievements in this respect.165−168

Panel (i) of Figure 10a shows the optical image of a
HKUST-1 film on a polypropylene fiber, as well as the
corresponding mat on the centimeter scale.169 It can be
obviously observed that the color of the mat becomes darker
with the increase of ALD-Al2O3 cycles, indicating the amount
of the HKUST-1 growth increases, which further explains the
induction effect of the Al2O3 layer. This MOF film-coated fiber
mat was then utilized as an adsorption for hazardous gases
including NH3 and H2S.

169 The NH3 breakthrough curves for

the 0, 20, and 40 cycle ALD-induced MOF film-coated fiber
mats are illustrated in Panel (ii) of Figure 10a. It can be seen
that the MOF film loaded fiber mat holds a better adsorption
effect than the non-ALD mat, with the 40 cycles ALD-induced
MOFs-coated mat giving breakthrough times of ∼700 min
gMOF+fiber

−1 and ∼4200 min gMOF
−1, which is closed (80%) to

the previously reported solvothermal-MOF decorated fiber
mat.169 Besides, three Zr-based MOF films, UiO-66, UiO-66-
NH2, and UiO-67 films, were synthesized on the fiber mats
through the AIG-liquid way and utilized in the degradation of
chemical warfare agents.170 All three MOF film-coated fiber
mats show the effective hydrolysis degradation of the nerve
agent Soman, with its half-life being shortened to 2.3 min by
the UiO-67-loaded mat. Similarly, a kind of Al-based MOF, Al-
PMOF, was fabricated on a fiber mat as a protective film from
sulfur mustard (Panel (i) of Figure 10b).171 As displayed in
Figure 10b, the Al-PMOF film-coated fiber mat enables an
outstanding and rapid photocatalytic degradation of the sulfur
mustard simulant 2-chloroethylethyl sulfide (CEES). The
performance is better than that of the organic linker
(H2TCPP) and the Al-PMOF powder. The detoxification
conversion rate of the Al-PMOF-film-coated mat for CEES
into a significantly less toxic product of 2-chloroethyl ethyl
sulfoxide (CEESO) is up to 170 molCEES mol−1chromophore min−1

(Panel (ii) of Figure 10b), which is far higher than any other
MOF films. As the assembly of MOF films grows more
abundant, the development in these aspects is going to be
accelerated.
Moreover, MOF films produced via the AIG-liquid approach

have shown a significant capacity for energy-related applica-
tions, not only because of the unique properties of MOFs but
also regarding the distinctive AIG process. For example, Zhao
et al.161 assembled the ZIF-67 film on carbon foam as
mentioned before in Figure 8d. The obtained 3D foam was
carbonized to get Co, N-codoped carbon spheres on carbon
foam (Panel (i) of Figure 10c) for hydrogen evolution reaction
(HER) electrocatalysis. Panel (ii) of Figure 10c exhibits the
linear sweep voltammetry (LSV) results at a scan rate of 5 mV
s−1 in a 0.5 M H2SO4 electrolyte. It should be noted that a
better catalyst normally holds a lower overpotential at a
particular current density, and 10 mA cm−2 is usually
adopted.161 The results indicate that Co, N-co-doped carbon
spheres on carbon foam show an excellent HER performance
in terms of the overpotential of 142 mV at 10 mA cm−2 and
low Tafel slope of 73 mV dec−1 in acid media, which can be
ascribed to the large electrochemical surface of the carbonized
ZIF structure. The long-term running test and repeated LSV
test show well-behaved stability and durability of the
composite, both of which are significant criteria for a HER
electrocatalyst. Similarly, Zhao and colleagues developed a
flexible capacitor of N-doped carbon particles on carbon foam
by carbonizing the AIG-liquid ZIF-8-film-coated carbon
foam.161 Panel (i) of Figure 10d shows the initial state of
the composite is flexible and can be pressed and rebound
afterward.161 The corresponding capacitor can further provide
a stable capacitance 250 F g−1) and a high energy density
(17.36 W h kg−1) under a large deformation (25% of original
thickness). As depicted in Panel (ii) of Figure 10d, the
composite exhibits a higher capacitance rather than carbon
foam and carbon particle individually, and this is attributed to
the structural property of the composite where the large
surface area and the firm and flexible support of the carbon
foam are combined.
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To sum up the AIG-liquid approach, it can be concluded
that it is an effective and promising strategy for building MOFs
with complex structures. The entire process usually requires an
ALD induction layer, a metal ion source, and an organic ligand
precursor. The cation reorganization between the induction
layer and the metal ion source or the aggregation of the metal
ion source on the induction layer is a key step in the whole
reaction which may require further research to elucidate.147

Besides, it is worth mentioning that the solvent of the liquid
phase reaction plays a key role in the growth of MOFs, because
it affects the bonding between the organic ligands and metal
ions as well as the crystallization of MOFs.171 The induction
layer also provides a stable matrix for subsequent reactions and
MOF growth. Some bottlenecks of conventional solvothermal
methods for MOF synthesis have been broken such as complex
reaction conditions, an uncontrollable process, and monoto-
nous powdery-form products. As mentioned above, some
MOF films including ZIFs, HKUST-1, and UiO-66 have been
developed so far, while more MOFs films and other layered
materials will come to our eyes through this way in the near
future.

4.4. AIG-Vapor for MOF Films: Materials and
Characterizations. In the meantime, some great achieve-
ments have been made through the AIG-vapor strategy, and a
certain number of MOF films have been synthesized and
developed.152,153,172−176 In Figure 10, the morphologies of four
kinds of MOF films deposited by AIG-vapor and the
corresponding XRD characteristics are presented. In addition
to ZIF-8 which is mentioned in the explanation of the AIG-
vapor mechanism, ZIF-67 (Figure 11a) is also successfully
fabricated by using the ALD-CoO as the induction layers.180 It
has been reported that similar MOFs including ZIF-61, ZIF-
67, and ZIF-72 have been fabricated in the form of a thin film
by adjusting the metal oxide layer.153 Certainly, the organic
precursor can also be exchanged to achieve different MOFs. A
large-pore Zn-based MOF film, MAF-6 film (SEM image in
Panel (i) of Figure 11b), was produced by using ALD ZnO
and 2-ethylimidazole as the metal source and organic linkers,
respectively.172 The corresponding XRD pattern (Panel (ii) of
Figure 11b) suggests a complete nucleation after the vapor
phase reaction. The supercages of MAF-6 with a diameter at
about 2 nm result in an exceptional uptake capacity of MAF-6
in comparison to ZIF-8, which is demonstrated by the vapor-

Figure 11. (a) AIG-vapor deposited ZIF-67 and ZIF-8 films. (i) Cross-sectional SEM images and (ii) corresponding XRD patterns. Adapted with
permission from ref 180. Copyright Springer Nature 2019 (http://creativecommons.org/licenses/by/4.0/). The size of the characters in Panel (ii)
of 11a has been modified. (b) AIG-vapor deposited MAF-6 thin film. (i) Cross-sectional SEM image and (ii) corresponding XRD results. Adapted
with permission from ref 172. Copyright American Chemical Society 2020. (c) AIG-vapor deposited UiO-66 film. (i) Cross-sectional SEM image
and (ii) corresponding XRD results. Adapted with permission from ref 174. Copyright Springer Nature 2016 (http://creativecommons.org/
licenses/by/4.0/). The size of characters in Panel (ii) of 11c has been modified.
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phase loading of a molecule larger than the ZIF-8 windows.172

Moreover, five MOF films including Fe-BDC, Fe-BTC, Al-
BDC, Al-BTC, and UiO-66 films have been synthesized
through the AIG-vapor route for the solid-phase micro-
extraction arrow for the first time.173 Al2O3 and Fe2O3 layers
were deposited by ALD as the metal precursors for Al-based
MOFs films and Fe-based MOFs films, respectively, while the
UiO-66 film was achieved by the post-chemical conversion of
the ALD Zr-BDC film. Notably, a special thermal desorption
unit was homemade and applied to the vapor treatment
process. It shows a significant sealing effect, the same as that of
the vessel used by Stassen et al.153 Regarding to the UiO-66,
actually, it was Nilsen’s group174 who pioneered the fabrication
of the UiO-66 film by carrying out the AIG-vapor strategy and
did detailed investigations. The ALD Zr-BDC layer was
deposited using ZrCl4 and 1,4-benzenedicarboxylic acid as
precursors. It can be inferred that the crystallization of UiO-66
film could be gained through the acetic acid vapor treatment
from the XRD patterns (Panel (ii) of Figure 11c). As seen in
the SEM image of the UiO-66 film displayed in Panel (i) of
Figure 11c, excellent thickness controllability can be achieved
which shows the superiority of this all-gas method compared
with conventional wet methods.
4.5. AIG-Vapor for MOF Films: Applications and

Performance. The cases summarized above mainly focus on
the research of the AIG-vapor strategy and the synthesis of
materials. Here in this section, some achievements of AIG-
vapor MOF films have been concluded. Tsapatsis et al.152

studied the selective permeability and the separation of the

AIG-vapor ZIF-8 film. At the same time, the permselectivation
of the film can be utilized as an effective tool to identify the
growth of MOFs films. As shown in Panels (i) and (ii) of
Figure 12a), the ligand vapor-treated ZIF-8 film obtained from
the ZnO layer shows a stable performance with a high
propylene flux (>10−8 mol Pa−1 m−2 s−1) and high mixture
separation factor (∼100) for propylene over propane (an
energy-intensive high-volume separation), especially when the
ALD cycles were set over 10 to 20. Here, the authors
successfully demonstrated the utilization of the selective
permeability of the ligand gas to guide the growth of the
film and, in fact, conversely validated that the ZIF film
prepared by the AIG-vapor method could behave with an
excellent gas separation performance.152 In addition, due to the
limitations of traditional wet preparation methods, MOFs
materials have been difficult to apply in the field of
microelectronics. The most typical problem is that it is difficult
to integrate powdery MOFs onto micrometer or nanometer-
level devices.177−179 Recently, progress on this issue has been
reported by Krishtab and colleagues who first carried out the
AIG-vapor strategy for the integration of ZIF-8 and ZIF-67
films as gap-filling low-k dielectrics in advanced on-chip
interconnects.180 The conversion result (TEM images and
corresponding elemental distributions) of the ZIF-67 film, on
lamella cut out from the fork−fork capacitor device, can be
observed clearly from Panels (i) and (ii) of Figure 12b,
comparing with the status before vapor treatment. Noteworthy,
both the AIG-vapor prepared ZIF-67 and ZIF-8 films show
Young’s moduli and dielectric constants comparable to state-

Figure 12. (a) Permeation performance of films during the ligand vapor treatment process. Propylene permeances (i) and propylene/propane
single component selectivities (ii) of the ZIF-8/γ-alumina nanocomposite membranes as a function of the number of ALD cycles (solid symbols).
Open symbols are values obtained from a support treated by the indicated cycles of ZnO ALD (before the ligand−vapor treatment). Reprinted
with permission from ref 152. Copyright American Association for the Advancement of Science 2018. (b) Characterization and electric
performance of the 45 nm half-pitch fork−fork capacitors coated with a ZIF-67 film. (i) TEM images and EDS elemental maps recorded on lamella
cut out from the capacitor device. Scale bar is 100 nm. (ii) A 2D model of the device cross section employed for finite-element capacitance
simulation. (iii) Positioning of MOFs on the Young’s modulus/k-value map in comparison with other classes of advanced low-k dielectrics.
Reprinted with permission from ref 180. Copyright Springer Nature 2019 (http://creativecommons.org/licenses/by/4.0/).
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of-the-art porous organosilica dielectrics (Panel (iii) of Figure
12b). It should be stressed that even though ZIFs are
equivalent to the most advanced dielectrics in terms of
mechanical and dielectric properties, the deposition via the
AIG-vapor prossess demonstrates the distinct advantage of gap
filling and therefore should be beneficial to future micro-
electronics integration projects.
Table 1 systematically shows recent research concerning the

synthesis of MOFs with different geometries by using the AIG

process. According to the outcome of these studies, some
significant comments can be proposed. First, unlike the AIG-
liquid approach, the metal ions of the MOFs are totally
determined by the ALD precursors in the AIG-vapor approach.
Second, some results have indicated that the environment of
the post-treatment such as temperature, humidity, duration,
and pressure could affect the crystallization of MOFs, which
means some further investigations should be implemented in
the future. Moreover, it can be inferred that the AIG-vapor

approach has great potential for MOF-based devices in various
fields such as sensors and biotechnology.

5. CONCLUSION AND PERSPECTIVE

Generally, considerable developments and progress have been
made on layered materials by ALD so far, including the
diversity of structures and types. The lift-off ALD method
demonstrates its viability to prepare free-standing nano-
membrane materials by releasing the deposited nanomembrane
from the sacrificial substrate. A wide range of nanomembranes
including single component, multicomponent, oxide/carbon
composites, and organic/inorganic bilayer nanomembranes
have been prepared by the lift-off ALD method, with well-
controlled film thickness, composition, and crystalline phase.
The free-standing membranes hold the advantages of
uniformity and controllability of the traditional ALD films,
and simultaneously it can also break the confinement that the
traditional membranes are attached to the substrate, which
enormously promotes the availability to applications in various
fields, such as catalysis, energy conversion, and photovoltaic
devices. This is because these films can be adjusted sufficiently
freely without considering the tolerance of the substrate, as
well as maintain good integrity. Besides, it is helpful that their
intrinsic properties are not influenced and limited, and
therefore, full play of their functionalities can be achieved. It
can be predicted that such methods may be popularized for
preparing other kinds of free-standing layered materials and
can be applied in more fields like robotics and biology.
The ALD-derived fabrication of TMD layers and MOF films

shows excellent capacity in a variety of domains from energy to
microelectronics. Besides, the research and development of
AIG technology has made the traditional ALD further
improved, and more types of materials have been prepared
on various types of substrates. This is equivalent to the
evolution of the ALD technology achievement library, and
more applications and new materials will be expected. On the
other hand, the research concerning the growth mechanism,
especially in situ investigation, including crystal growth during
the AIG process and the impacts of reaction conditions to the
products, is still insufficient. For example, in what ways does
the temperature of the postreaction affect the formation of the
products and their properties? In what ways is the coordination
of the metal ions formed during the crystallization of the
MOF? The preparation of new MOF films by AIG and
analyses of physical and chemical properties of them also need
future investigations. In summary, we believe that the content
in this review will promote research in many fields and inspire
more research on ALD technology and related materials. It can
be expected that more interesting and exciting stories related
to these methods and materials will happen in the community.
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