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The field of thin film technology [1] dates back many decades and has led to appli-
cations in areas such as display technology, the development of surfaces with desirable
optical reflectance properties, coatings of medical devices for biocompatibility, corrosion
protection, semiconductor device fabrication, polymer coatings for tuning wettability, coat-
ings for providing hardness or protection, piezoelectric transducers, photovoltaic films for
solar panels, chemical and biological sensors, and other areas. Many of the techniques for
production of thin films, typically in the microns range in thickness, were developed in
earlier decades such as electrodeposition, electroplating, spin-coating, dip coating, vacuum
sputtering, chemical vapor deposition, physical vapor deposition, thermal evaporation,
atomic layer deposition, molecular beam epitaxy, electron beam deposition, pulsed laser
deposition and other advanced technologies that have driven the modern age. When
combined with advances in lithography into the extreme ultraviolet [2], and newer ap-
proaches such as microcontact printing [3], thin film technology has made possible many
of the advanced devices introduced in the past decade. New methods such as molecular
imprinting [4] are open for further investigation.

The emergence and rapid growth of nanomaterials science throughout the period since
the 1980s, has added an entirely new dimension to thin film technology in the realization
that introducing nanostructured features into thin films in an intentional and designed
manner can impart novel and useful properties and also alter existing properties for films
prepared by traditional methods. The Special Issue on “Materials Processing for Production
of Nanostructured Thin Films” presents a number of articles and reviews in which the
properties and applications provided by the introduction of features on the nanometers
scale into thin films are described and investigated. The introduction of nanoscale features
represents a new frontier in thin film technology that will have major impacts in the coming
decades in industries ranging from catalysis, renewable energy, sensor technology, device
technology, biotechnology and others.

The paper by Nauman et al. [5] demonstrates that nanostructures can be embedded
into flexible substrates for use in the growing field of flexible electronics. In this study,
bath sonication is used to cause the intercalation of expanded graphite particles into poly-
dimethylsiloxane (PDMS) substrates formed in a mold. Sonication was used to intercalate
silver or silver oxide into the graphite particles, while electrolysis was used to intercalate
sulfate anions. The graphite modified PDMS could flex 1000 times and remain functional
and with favorable mechanical properties.

The paper by Sheng et al. [6] helps to illustrate how the introduction of nanostructures
and the geometric features of the nanostructures in a thin film can depend on the adjustment
of multiple parameters in the production process. In this paper, vertically oriented zinc
oxide nanorods are formed on sapphire substrates with large diameters using chemical
bath deposition. Such arrays of ZnO on substrates have applications in solar cells and other
technologies. The variables of precursor concentration, reaction temperature, reaction time,
and ratio of Zn?* to citrate anion influence the diameter of the nanorods in a way that was
able to be modeled using the statistical approach of response surface methodology. The
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References

approach was more efficient than changing one variable at a time and used experiments
in which multiple variable were changed. Spin-coating was also involved in priming the
sapphire substrates with a thin layer of zinc oxide.

The paper by AlQarni et al. [7] describes the discovery of a new alkali metal phos-
phate material with the novel property of fast ionic conduction. The new material,
NayCaPq 5Asp 507 was produced by the heating and grinding of precursors to produce a
polycrystalline powder. The characterization methods of X-ray powder diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC),
energy-dispersive X-ray spectroscopy (EDX), scanning electron microscopy (SEM), and
impedance spectroscopy were used to provide insight into how the material structure gave
rise to fast ionic conduction as explained using a bond-valence site energy (BVSE) model.

The paper by Filip et al. [8] also illustrates how the production of a nanostructured
thin film can depend on a complex set of variables in the case of forming electrospun layers
of polyethylene (PEO). These electrospun fibers that form a nonwoven textile can have
applications as filters, in tissue engineering, drug delivery, and other fields. In this study,
the correlations between the variables of polymer molecular weight, polymer concentration
and solution viscosity with nanofiber diameter are established for electrospinning from
solutions in distilled water.

The review by Zhang et al. [9] provides a comprehensive survey of the formation of
thin films of metal-organic frameworks (MOF) that are versatile structures formed by the
coordination of multidentate organic linkers to metal cations. MOFs provide access to
tenability of pore size and have found use in gas storage, catalysis and sensor development.
A wide range of thin film formation methods are covered in this review including spin-
coating, dip-coating, template synthesis, layer by layer deposition, evaporation-induced
crystallization, hydro/solvothermal synthesis, electrochemical synthesis, atomic layer
deposition, chemical vapor deposition and physical vapor deposition, and some others. The
variety of possible substrates on which MOF thin films can be formed ranges from Si, SiO,,
to metals, metal oxides and nylon. The review emphasizes the role of surface pretreatment
with self-assembly monolayers, and the possibilities for postsynthesis modification and
patterning of the MOF thin films. In addition to the tuning of pores by the selection of
metal cations and linkers, the preparation conditions determine the nanostructured texture
or pattern of the MOF thin films.

The review by Bhattarai et al. [10] describes the growing field of nanostructured thin
films with plasmonic properties such as localized surface plasmon resonance, propogating
surface plasmon resonance and surface-enhanced Raman responses. The tuning of the
nanoscale features of these films, referred to as plasmonic active thin films (PANTFs), can
vary the plasmon wavelengths and refractive index sensitivity when used in biosensor ap-
plications. Methods for their production including electron beam lithography, nanosphere
lithography, focused ion beam milling, porous membrane lithography and others used to
make a wide variety of PANTFs are described. The creation of PANTFs with nanoscale
gaps and nanoholes is described, along with those presenting arrays or patterns of elevated
features such as nanodomes or nanopillars.

It is hoped that the papers in the Special Issue will inspire further development of
nanostructured thin films by new and creative approaches. The Guest Editor thanks Ms.
Tami Hu for her dedicated and generous assistance in the development of this Special
Issue.
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Abstract: Stretchable and flexible graphite films can be effectively applied as functional layers in
the progressively increasing field of stretchable and flexible electronics. In this paper, we focus on
the feasibility of making stretchable and flexible films based on expanded graphite particles on a
polymeric substrate material, polydimethylsiloxane (PDMS). The expanded graphite particles used in
this work are prepared by utilizing bath sonication processes at the ultrasonic frequency of either the
commercially available graphite flakes or graphite particles obtained through electrolysis under the
interstitial substitution of silver and sulfate, respectively. The X-ray diffraction (XRD) patterns confirm
that, due to the action of the bath sonication intercalation of graphite taking place, the resistances of
the as-fabricated thin films is ultimately lowered. Mechanical characterizations, such as stretchability,
flexibility and reliability tests were performed using home-made tools. The films were found to
remain stretchable up to 40% tensile strain and 20% bending strain. These films were also found to
remain functional when repeatedly flexed up to 1000 times.

Keywords: expanded graphite; flexible; polydimethylsiloxane; stretchable; thin films

1. Introduction

Graphite has found many technologically important applications. For instance, graphite particles
have been used in thin film batteries, graphene synthesis, gas sensing, filter material, energy storage,
steam generation and thin film nano composites [1-8]. Additionally, a progressively growing area
where graphite thin films could be exploited is stretchable and flexible smart electronics. The most
demanding features of smart electronics lies in the fact that thin layers of different materials built
on such platforms must retain their functionalities when the device is mechanically stretched and/or
flexed [9-12]. Hence, it has become exceedingly important to study the applicability of carbon materials
and their performance within a mechanically stretchable and flexible framework.

Graphite is a layered allotrope of carbon in which each layer is composed of carbon atoms that are
covalently attached to each other in an in-plane hexagonal fashion, whereas the layers are also weakly
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connected through van der Waals bonds along the lateral direction [13]. Here, it is worthy to note that
most smart electronic devices will require at least one or two electrically conductive material layers
for their functionality [14,15]. Therefore, in the context of nanostructured thin films, it will be highly
desirable to somehow enhance the electrical conductivity of graphite particles used to fabricate the
films. Theoretically speaking, if a single layer of graphite can be separated from its bulk counterpart,
converting graphite into a two-dimensional planar material (graphene) its electrical conduction can be
remarkably increased [16]. This process is known as the exfoliation of graphite. However, the removal
of every single layer of graphite is not possible and can be heavily time consuming and expensive.
Another method that is cost effective and much simpler to apply is the intercalation of graphite
particles [17-19]. Intercalation refers to a technique of causing an increase in the inter-layer distance of
graphite by inserting interstitial atoms or ions between the layers. Therefore, keeping in view the time
and cost, two routes have been selected for this work. The first route consists of simply mixing the
interstitial atoms with the commercially available graphite flakes and generating the intercalation effect
using the bath sonication process. The second route is based on the sonication of graphite particles that
are collected through the electrolysis of bulk graphite in aqueous electrolyte containing the interstitial
atoms [20]. Previous work on graphite thin films was indeed important as far as electrical, thermal
and/or morphological properties are concerned [21-23]. However, these vacuum-based fabrication
methods require high setup cost and are also energy demanding. For this reason, it is anticipated that
thin graphite films could be fabricated in a cost-effective manner and properties such as stretchability
and flexibility, which remain of outmost importance for the realization of smart electronics, should
also be addressed.

Therefore, the objective of this paper is to utilize the as-synthesized expanded graphite particles
in the fabrication of thin graphite films and secondly to test the mechanical stretchability and flexibility
of the as-fabricated graphite films on an intrinsically flexible and stretchable polymer substrate.

2. Materials and Methods

2.1. Materials and Chemicals

Commercial graphite flakes of average size 4.13 um were purchased from Luoyang Tongrun
Technology China. The graphite electrode and all chemicals, such as silver nitrate salt (AgNO3),
N,N-dimethylformamide also known as DMF, ammonium sulfate salt ((NH4),SOy), ethylene glycol,
acetone, deionized water and distilled water, were locally purchased from Fanara Chemicals and
Supplies, Pakistan. PDMS Sylgard 184 elastomer kit was purchased from Dow Corning, Michigan,
USA. All chemicals and materials were used as received without any further treatment.

2.2. Synthesis of Graphite Particles Using Process of Bath Sonication (First Route)

In this process, silver nitrate and commercial graphite flakes in a 1:1 ratio by weight were
thoroughly stirred in deionized water using a magnetic stirrer until a black colored suspension was
formed. The glass bottle containing the suspension was then placed in a bath sonicator containing
distilled water and sonication was continuously applied for 4 h at a frequency of greater than 20 kHz.
After sonication, the suspension was filtered and washed using deionized water. Finally, the residue
collected over the filter paper was dried on a hot plate at 100 °C for 20 min to render the so-called
expanded graphite particles. Figure 1 depicts the schematic of this process.
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Figure 1. Schematic of first route. Arrows indicate the step by step procedure for obtaining expanded
graphite particles using bath sonication.

2.3. Synthesis of Graphite Particles Using Process of Electrolysis (Second Route)

In this process a two-electrode electrochemical cell was used for the synthesis of expanded graphite
particles. The graphite plate was made the anode while the copper plate was used as a cathode.
The electrolyte was 500 mL 1 M solution of ammonium sulfate salt (NH4),5S0,) in distilled water.
The process was carried out for 2 h at a voltage of 10 V with a constant current of 2 A. During this
process, the graphite particles exfoliated away from the anode and kept on dispersing within the
electrolyte. The electrolyte containing the suspended graphite particles was bath sonicated for 2 h
followed by filtering and washing using deionized water. Finally, the residue was collected and dried
on a hot plate at 100 °C and 20 min to render the expanded graphite particles. Figure 2 shows the
schematic diagram of this process.

500 ml 1M aqueous
sol of (NH,),SO,?

Electrolytic solution Electrolysis of graphite

Bath sonication2 h

—_—
Expanded
el [ @ @ |

. Residue drying at °
100°C & 20 min  Filter & wash

Figure 2. Schematic of second route. Arrows indicate the step by step procedure for obtaining expanded
graphite particles using electrolysis of graphite.
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2.4. Synthesis of Ink, PDMS Substrate and Expanded Graphite Thin Films

The ink containing the collected graphite particles for both the cases discussed above was prepared
by thoroughly mixing 1.5 gm of the collected particles in 10 mL of DMFE. DMF acts as a solvent for the
ink and also as a conductive binder between expanded graphite particles within the thin films. In this
work, the as-synthesized ink was thoroughly shaken each time before the fabrication of graphite films.
In order to prepare PDMS substrates, the base and the cross linker were mixed together thoroughly in a
ratio of 20:1 by weight. The solution was centrifuged at high rpm until all the air bubbles were removed.
Molds were prepared using glass slabs that were 5 cm squared in size. Scotch tape was attached on
one surface of the glass slabs for easy removal of the PDMS and the sides were secured using pieces
of cardboard and scotch tape. Then, 2.5 mL of clear PDMS solution was poured at the center of the
molds and left to cure at room temperature for 2 to 3 days, after which the PDMS substrates were cut
in dimensions of 1 cm (width) X 4 cm (length) x 2 mm (thick). The as-fabricated PDMS substrates were
found to remain reasonably stretchable and flexible for testing the films. In this work thin films of
graphite on stretchable and flexible PDMS substrates were simply prepared by using a paint brush
technique until the substrates were uniformly coated with the ink. The films were left to cure at room
conditions for 24 h before performing the mechanical tests. By studying various lateral scanning
electron micrographs (SEM) of the as-fabricated laminate, the average thickness of the graphite films
in this work was found to remain 15 + 1.37 um. Figure 3 depicts a typical image of the film thickness.

Graphite film

PDMS
Substrate

Mag= 533X 10 pm
SUPRA 55VP-32-63

Figure 3. Lateral scanning electron microscope (SEM) image of a typical graphite thin film. The lateral
cross-sectional image was viewed at an angle of 90 degrees.

2.5. Characterizations

From a material characterization point of view X-ray diffraction was performed for the collected
expanded graphite particles in order to ensure the graphite phase and possible traces of other materials,
such as silver and sulfate ions. The film resistances were measured using a digital multimeter with an
accuracy of £1%. Three types of mechanical characterizations were performed on the as-fabricated
films. Firstly, the mechanical stretchability was characterized using a homemade thin film tensile tester.
In this test the graphite/PDMS laminate was secured between the fixed and moveable clamps of the
apparatus and it was stretched slowly by giving deformation in steps of 0.5 mm. After each step the
resistance of the film was recorded. The stretchability testing was continued until the multimeter
registered an open circuit. The second characterization was performed to quantify the mechanical
flexibility of the as-fabricated films. In this test, the graphite/PDMS laminates were conformally
wrapped around circular objects of varying diameters and the film resistance was recorded. It is to be
noted that the tensile test induces tensile strain in the films, whereas the flexibility test induces bending
strain in the films. The third mechanical characterization used in this study was rather to check the
reliability of the as-prepared films. In this test a typical graphite/PDMS laminate was secured between
the thumb and the index finger of the experimentalist and was pressed and then quickly depressed
multiple times until the film was found to fail. The film resistance was recorded intermittently during
the reliability tests. Figure 4 depicts all types of mechanical characterizations used in this work.
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Figure 4. Various mechanical tests performed on the as-fabricated graphite/PDMS laminate. (a) Tensile
test, (b) repeated reliability testing, and (c) bending test.

3. Results and Discussion

3.1. Material and Morphology of Expanded Graphite Particles

Figure 5 represents the XRD pattern of the expanded graphite flakes obtained by following the
bath sonication process of commercial graphite flakes—i.e., the first route. In Figure 5 it can be seen that,
as compared to the pure graphite, which is known to exhibit a characteristic peak at 26.53°, the XRD
pattern of the expanded graphite flakes have also shown peaks at 32° and 38°. After comparing with
various peaks of silver and its compounds, it was concluded that these new peaks refer to silver oxide
and silver, respectively. This confirms the presence of silver and its compound in the expanded graphite
flakes during the bath sonication process. SEM images shown in Figure 5 as insets also confirm the
fact that, after performing the bath sonication process, the graphite flakes have become swollen and
increased in overall size, which indicates that the graphite layers have, indeed, expanded during
the process. This mechanism was ultimately found to reduce the film resistances by three orders of
magnitude, as compared to the films of pristine graphite particles.

200 T T T T T T

Graphite Pre sonication Postsonication
000 E
800 R
600 g
400 [ E
2001 10 X1,400  10um 5KV X130 100pm 1

J AgO  jAg 4
0
10 20 30 40 50 60 70 80

20

Figure 5. X-ray diffraction pattern of expanded graphite particles prepared by first route. The insets
show the scanning electron micrograph (SEM) images of the expanded graphite particles before and
after bath sonication.
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On the other hand, Figure 6 shows the XRD pattern of expanded graphite particles collected
through the process of electrolysis—i.e., the second route. Compared to the XRD pattern of pure
graphite, several other characteristic peaks can be observed. These new peaks are due to the presence
of sulfate ions. The peaks appear at angles of 16.87°,20.43° and 22.78° with higher inter-atomic spacing
of 5.25 A, 4.34 A and 3.90 A, respectively. Higher inter-atomic spacing in the sample suggests that
intercalation by the combined action of bath sonication and sulfate ions during electrolysis have been
achieved. Again, it can be seen from the SEM images given in Figure 6 as insets that, after performing
the bath sonication, the particle size has indeed increased, which qualitatively indicates the intercalation
effect. The film resistances were lowered by three orders of magnitude, as compared to the films of
pristine graphite particles. However, in this case it was noted that the film resistances on average
remained five times lower than the film resistances prepared by the first route. This decrease in
the film resistance is attributed to higher d-spacing caused by the sulfate ion as compared to the
d-spacing caused by the intercalation of silver, which remains at 2.77 A and 2.37 A at angles of 32° and
38°, respectively.

3000 FF T T e e e e
Graphite ]

2500 [~ s 2 5 = -
+ Pre sonication Post sonication g

: ~ AT 1 ]

2000 |- SR o> —
C - 57 b/ ]
1500 |- AT 3 —
L 3 : ]

L = _:' p 4
1000 [ . Ay s A ]
5kV X600  20pm 1

00 sulfate ions N
L l Graphite ]
o- ) Din M L A il " L L |

1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 75.00
20
Figure 6. X-ray diffraction pattern of expanded graphite particles prepared by second route. The insets
show the scanning electron micrograph (SEM) images of the expanded graphite particles before and
after bath sonication.

3.2. Stretchability, Flexibility and Reliability of Expanded Graphite Thin Films

Figure 7 depicts the change in normalized resistance of the films prepared by following the first
route and the second route against the applied tensile strains. It can be seen that expanded graphite
films prepared by following the second route are approximately 1.3 times more stretchable than the
first route. This is due to the fact that expanded graphite particles synthesized by following the second
route were exfoliated from a hard graphite plate as an anode. Owing to this reason, the films formed
by these expanded graphite particles were slightly higher in strength and therefore could bare larger
tensile strains before failure. On the other hand, it could be observed that, up to 25% tensile strains,
both films showed almost linear behavior and the increase in resistance of the films remains less than
10 in both cases. Specially, the films prepared by the first route showed even less increases in resistance.
Thin film piezoresistive coefficient can be considered as a parameter that highlights the dependency of
the resistance on resistivity changes due to mechanical loads. In order to estimate the gage factor and
thus the piezoresistive coefficient for the as-fabricated films the experimental data shown in Figure 7
could be used in combination with the equation of the form [% = R% -1=(1+4+9+pB)e =GF.¢][24],
where 9 is the Poisson ratio of graphite films taken to be 0.2 [25], R is the final film resistance, R, is the
initial film resistance, f is the piezoresistive coefficient of the film material, GF is the gage factor and ¢
is the applied tensile strain. Using the values from Figure 7 it can be estimated that the gage factors

10
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GF for the as-fabricated films comes out to be 9.9 and 37.33 for the first route and the second route,
respectively. Therefore, the piezoresistive coefficients are 8.7 and 36.13 for the first route and second
route, respectively. This suggests that the change in resistivity of the material during mechanical
loading affects the films prepared by the second route more strongly, which is the reason for higher
resistance change during stretching for these films. These results fairly suggest the applicability of
expanded graphite thin films in stretchable electronic devices.

20 T T T T T T T
= -Route 1

—&—Route 2

45

Figure 7. Stretchability curves of expanded graphite thin films. Error bars show standard deviations
between the tested samples.

Figure 8 shows the variation in normalized resistance against the bending diameters. This graph
can be considered as the quantitative measure of the flexibility of as-fabricated expanded graphite
thin films. It is to be noted that, in this scenario, unlike the case of stretchability, the as-fabricated
films are subjected to increasing bending strains. From Figure 8 it can be noticed that both the films
remain functional until they are conformally wrapped around a circular rod of 10 mm diameter,
which translates to a maximum bending strain of 20% using the equation of the form [¢ = %} where
tr is the average film thickness, #; is the thickness of the substrate and D is the bending diameter [26].
High gage factors of 49.3 and 89.2 for the films prepared by the first route and the second route,
respectively, are estimated. This suggests that the as-fabricated films are capable of bending and can be
flexibly operated up to a maximum of 20% bending strains with high strain sensitivity.

25 T T

0 10 20 30 40 50 60 70 80 90 100
Diameter [mm]

Figure 8. Bending curves indicating the flexibility of expanded graphite thin films. Error bars show

standard deviations between the tested samples.

In order to conclude, the mechanical characterizations reliability tests were performed on the
as-fabricated films and the results were shared in Figure 9. This figure shows the change in normalized
resistance of the as-fabricated films against the number of flexure cycles. Both the films were found to
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withstand repeated flexure cycles, with films prepared by the second route slightly over performing
the films prepared by the first route. However, the film resistance changed by 41.57 and reached a
value of 46.97 k().

45

5 I I
100 200 300 400 500 600 700 800 900 1000 1100

Cycles

Figure 9. Reliability curves of expanded graphite thin films. Error bars show standard deviations
between the tested samples.

4. Conclusions

To conclude, this paper presented the mechanical stretchability, flexibility and reliability of
expanded graphite thin films on polymer substrate PDMS. The expanded graphite particles were
prepared using the bath sonication of commercial graphite flakes (the first route) and graphite particles
obtained through electrolysis (the second route) under interstitial substitution. It was concluded that,
due to bath sonication and favorable effects of electrolysis and sulfate ions, the intercalation was
much more effective, resulting in lower initial film resistances. Additionally, from the perspective of
mechanical characterizations, the films prepared by following the second route seem to over perform
the films prepared by the first route. However, due to the strong dependency on the piezoresistive part,
a higher change in resistance was observed during the mechanical loading of the films prepared by the
second route. Nevertheless, both types of film were found to remain stretchable, flexible, and functional,
even at repeated flexures. Various results in this paper have shown that the as-fabricated expanded
graphite thin films demonstrate favorable mechanical performance, which can be used in various
stretchable and flexible electronics applications.
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Abstract: The deposition parameters involved in chemical bath deposition were optimized by a
response surface methodology to synthesize upright ZnO rod arrays with large diameters. The effects
of the factors on the preferential orientation, aspect ratio, and diameter were determined systematically
and efficiently. The results demonstrated that an increased concentration, elevated reaction
temperature, prolonged reaction time, and reduced molar ratio of Zn?* to tri-sodium citrate could
increase the diameter and promote the preferential oriented growth along the [002] direction. With the
optimized parameters, the ZnO rods were grown almost perfectly vertically with the texture coefficient
0f 99.62. In the meanwhile, the largest diameter could reach 1.77 um. The obtained rods were merged
together on this condition, and a dense ZnO thin film was formed.

Keywords: tri-sodium citrate; ZnO rod arrays; response surface methodology

1. Introduction

The application of nanomaterials has been extended to many fields with the development of
new synthesis methods [1,2] and has brought many exciting achievements [3]. Vertically aligned
ZnO rod arrays have attracted more and more research interest over the past few years because of
their remarkable exhibition or unique properties and exciting potential applications, such as solar
cells [4-6], piezoelectric nanogenerators [7,8], light emitting diodes [9,10], thermoelectrics [11-15],
and sensors [16,17]. With tremendous applications for vertically aligned ZnO rod arrays, searching a
method to control their morphologies and properties is crucial to optimize the arrays for specific tasks.
In order to satisfy the demands of various applications, it is necessary to both understand the growth
mechanisms of the vertically aligned ZnO rod arrays and to find a method to control the properties
with the guidance of those mechanisms. In particular, certain applications require thin rods with high
aspect ratios, while others necessitate thick rods with low aspect ratios. Moreover, if the rods are
perfectly upright to the substrate and the rods are coarsened, the rods may merge together to form a
dense ZnO thin film.

Based on the above consideration, efforts were taken to increase the diameter of the obtained
ZnO rods. Moreover, the aspect ratios were also lowered by increasing the diameters. In our previous
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studies [18,19], ZnO rod arrays with high aspect ratios were successfully synthesized. By combining
these works, the aspect ratio can be systematically and precisely controlled to meet various demands.
Tri-sodium citrate has been reported as an effective surface modifier to promote the lateral growth
of ZnO rods [20-24]. Das et al. explored ZnO morphologies” evolution with increased citrate
concentrations [20] and found that growth with excess citrate obtained spherical particles with very low
crystallinity instead of rods or plates. In this work, the boundary value of the citrate concentration to
get ZnO plates in Das’s work was used as the highest value of the citrate concentration, and the impact
of the citrate concentration on the diameter was studied systematically in a low range. Chemical bath
deposition was employed to synthesize ZnO rods arrays in this work due to its cost-efficiency,
simple process, and ease to scale-up. In solution growth, the changing of other growth parameters
(precursor concentration, reaction temperature, and reaction time) also contributes to the increase of
the diameters. Therefore, the influences of these parameters were also investigated. Since various
precursor concentrations were employed, the molar ratio of the zinc ion to the tri-sodium citrate instead
of the citrate concentration was used in this work to more accurately study the impact of the citrate.

In this study, four factors, including the precursor concentration, reaction temperature,
reaction time, and the molar ratio of zinc ion to the citrate, were investigated. If the conventional
‘changing one separate factor at a time” (COST) approach was applied to optimize the parameters,
plenty of experiments along with a large amount of time and money would be required. Moreover,
the interactions between the factors could not be investigated, and the optimal settings of factors
would be possible to miss. Therefore, it was essential to find an approach to efficiently identify the
optimal parameters and to comprehensively and thoroughly guide the investigation. As a result,
a powerful statistical method called the response surface methodology was employed in this work.
Through this technique, multiple process variables could be varied simultaneously, and only a few
experimental trials were required to identify the influence of each factor. Additionally, the interactions
between variables could also be identified and quantified. Moreover, a mathematical model could
be proposed to describe the synthesis processes and predict the response with specific parameters.
Furthermore, a response surface plot and a 4D contour plot as a function of the independent parameters
could be obtained to determine the optimal points.

In this work, vertically aligned ZnO rods arrays with large diameters were successfully synthesized.
The influence of each factor on the growth quality was investigated through a comprehensive study.
With the assistance of response surface methodology in this work, maps of the changing tendency
were also created to predict the growth quality of the ZnO rod arrays.

2. Experimental Sections

2.1. The Pre-Treatment of the Substrates

Small pieces C-plane (0001) sapphire (Guangdong Orient Zirconic Ind Sci & Tech Co., Ltd.,
Shantou, China) with dimensions of 12.5 x 12.5 mm were used as the substrates in this work.
A cleaning sequence developed by Kern et al. [25] was employed to pretreat the substrates. This aimed
to ensure that the surface of the substrates was completely clean and hydrophilic, and then seeds
could be homogenously coated onto the whole substrates during the next step. The cleaning sequence
included four steps with, intermediate rinsing steps separating each chemical step. Firstly, the substrates
were ultrasonicated in ethanol for 3 min to remove some of the organic contamination. Subsequently,
the substrates were heated in a piranha solution (1:3, 30% HyO,/H;SOy) (Sigma—Aldrich China,
Shanghai, China) at 120 °C for 30 min to remove relatively heavy organic contaminations. Thirdly,
the substrates were immersed into an SC-1 solution (1:1:5 25% NH,OH/30% H,O,/Milli-Q H,0)
(Sigma—Aldrich China, Shanghai, China) at 75 °C for 15 min to remove particles and metals. Finally,
an SC-2 solution (1:1:6 35% HCl, VWR/30% H,O,/Milli-Q H,O) (Sigma-Aldrich China, Shanghai,
China) was employed to remove the residual metals, including metals that may have been deposited
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in the SC-1 solution. The substrates were immersed in the SC-2 solution and heated at 75 °C for 15 min.
The substrates were flash-air dried at room temperature before the seeding step.

2.2. Deposition of Seed Layers on the Substrates

The preparation procedure was done in the same manner as reported in our previous study [18].
Firstly, a droplet of a 40 uL solution of 0.01 M zinc acetate dihydrate (98%, Sigma-Aldrich China,
Shanghai, China) ethanol solution was uniformly spin-coated on the pre-cleaned substrates. The spin
coating parameters were set as: v = 400 rpm and t = 60 s. After the substrate was dried, the coating
was repeated two additional times. This aimed to ensure that a complete and uniform layer of zinc
acetate crystallites was obtained on all of the substrates. Subsequently, the coated substrates were
annealed in a furnace at 500 °C for 2 h. Through the decomposition of the zinc acetate, a zinc oxide
layer was yielded.

2.3. Pre-Growth of ZnO Nanorods

ZnO nanorods were grown by suspending the seeded substrates upside-down in a sealed bottle
(as shown in Figure 1). In the bottle, 30 mL of a 0.05 M zinc nitrate hydrate solution (Shanghai Aladdin
Biochemical Technology Co., Ltd., Shanghai, China) and 30 mL of a 0.05 M hexamethylenetetramine
(HMT) aqueous solution (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China) were
mixed homogenously. The bottle was heated at 90 °C for 2 h. After it was cooled down, the substrates

were removed and cleaned with ethanol.
|-— Bottle cap
L Bottle

Sample mounter

Sample

~—+F— Precursor solution

Figure 1. The scheme of the reactor.
2.4. Preparation of Dense ZnO Films

After the pre-growth of the ZnO nanorods, a fresh equimolar mixed solution consisting of 30 mL
of zinc nitrate hydrate and 30 mL of hexamethylenetetramine (HMT) was filled into the bottles.
To promote the growth along the lateral direction, a specific amount of tri-sodium citrate (Shanghai
Aladdin Biochemical Technology Co., Ltd., Shanghai, China) was added into the mixed solution. Then,
the substrates were mounted upside down in the bottle. Subsequently, the bottle was capped tightly
and heated at a specific temperature for a certain duration. After the bottle was cooled down naturally,
the samples were taken out and rinsed by ethanol.

2.5. Characterization of the Obtained ZnO Rods Arrays

The crystal structure and orientation of the obtained samples were analyzed by a powder X-ray
diffractometer (XRD, PANalytical powder X-ray diffractometer with a CuKa1 radiation, A = 0.15406 nm)
(PANalytical, Holland). In order to characterize the degree of preferential orientation of the nanorods
along the (002) plane, the relative texture coefficient (denoted as TCy,) was calculated for each sample.
This was the ratio of diffraction peaks (002) over (100) and (101) in XRD patterns, and it was calculated
as follows:

Too2/ I,

TCoo2 =
Lo/ Iy + Too2 /Iy, + 101 /18,

@
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where I, Ipn2, and Ijg; are the measured diffraction intensities of the (100), (002), and (101) planes,
respectively. Igoo' 1802, and 1(1)01 are the corresponding values of the standard data (JCPDS 00-036-1451).

The morphologies of the obtained samples were explored by using a field emission scanning
electron microscope (JEOL, JSM-7000F, Japan). The mean diameter of the obtained ZnO rods was
determined as an average of ten measured rods of the top view of the SEM images. The aspect ratio
was calculated as the ratio of the rod length to the mean diameter. Photoluminescence was tested by a
Photoluminescence spectrophotometer (Varian CaryEclipse, US). The spectra were examined by using

a He—Cd laser with an excitation wavelength of 279 nm at room temperature.

2.6. Experimental Design

The design of the experiments and the analysis of the obtained results were guided by the
commercial software MODDE (version 10, Umetrics, Umea, Sweden, 2015). The response surface
methodology (RSM) was employed to build models, to assess the effect of factors, and to identify the
optimal conditions. The significance and adequacy of the model was tested by ANOVA. Additionally,
response surface plots and 4D contour plots were also created to find the optimal parameters. Moreover,
a one-pair-at-a-time main effect analysis was also applied to investigate the impact of the factors on
the responses.

3. Results and Discussion

3.1. Optimization of the Experimental Parameters

In this work, the following four experimental factors were studied: (i) the concentration of Zn2* (o),
(ii) reaction temperature (T), (iii) reaction time (t), and (iv) the molar ratio of Zn?* to tri-sodium
citrate (R). A central composite face (CCF) design composed of a full factorial design and star points
placed on the faces of the sides was employed in this stage. The detailed parameters of the design
and the achieved results are listed in Table 1. Obviously, most of achieved texture coefficients were
above 90, indicating a good oriented growth along the [0002] direction. Most of the aspect ratios
were limited in the range of 1-3, which was largely decreased compared to the results reported in our
previous work [18]. Moreover, the values of diameters were varied in a broad range, which would
meet various demands for different applications [26,27].

The outputs of the responses were analyzed by the MODDE software, and a model was built.
Several evaluating tools were employed to investigate the adequacy of the model and to determine the
changing tendency of the response with the factors. Firstly, the ANOVA was conducted to evaluate the
adequacy of the model. The tabulated output is presented in Table 2. As mentioned in our previous
study [28], a regression model is significant and has no lack of fit if the first p value is smaller than 0.05.
Therefore, the model for the diameter was valid and adequate, while the other two models were
insignificant. This was because that most values of the obtained texture coefficients and most of aspect
ratios were limited in a narrow range, while only a few values were scattered away from the region.
Thus, the effect of the reaction parameters was not significant enough to be detected in the selected
range of the parameters. In other words, good alignment could be obtained in most cases within the
selected ranges in Table 1. In our previous work [18], ZnO rods with texture coefficient higher than
0.95 were always obtained on condition of ¢ =0.06 — 0.1 M, T > 70 °C, and t > 6 h. In comparison,
there was a slight decrease for most values of texture coefficient in this work, and several values were
even far away from 90%. This suggests that the tri-sodium citrate may have had a slight effect on
the preferential oriented growth. With respect to the aspect ratio, most of the values were limited in
a narrow range 1-3 pm, which was reduced to a large extent compared to the previous results [18].
This reflects that the aspect ratio could be efficiently controlled by the addition of tri-sodium citrate.
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Table 1. Optimization design with detailed factors and the obtained responses.

No oM T/°C t/h R/ TCoo2/  Aspect Ratio/ D/um
1 0.06 70 6 500 80.71 6.61 0.26
2 0.1 70 6 500 95.92 4.76 0.36
3 0.06 90 6 500 96.12 145 0.70
4 0.1 90 6 500 69.05 1.45 1.20
5 0.06 70 16 500 91.84 1.23 1.47
6 0.1 70 16 500 97.67 1.71 1.03
7 0.06 90 16 500 97.95 1.31 1.11
8 0.1 90 16 500 99.62 0.96 1.77
9 0.06 70 6 1500 71.27 1.57 0.71
10 0.1 70 6 1500 95.09 2.51 0.52
11 0.06 90 6 1500 92.53 9.28 0.29
12 0.1 90 6 1500 97.90 2.55 0.71
13 0.06 70 16 1500 98.58 2.20 0.73
14 0.1 70 16 1500 91.27 2.30 0.75
15 0.06 90 16 1500 98.89 7.92 0.31
16 0.1 90 16 1500 97.04 2.42 0.71
17 0.06 80 11 1000 98.24 2.20 0.80
18 0.1 80 11 1000 94.53 2.18 0.96
19 0.08 70 11 1000 83.39 1.63 0.99
20 0.08 90 11 1000 98.35 1.95 0.74
21 0.08 80 6 1000 98.41 4.78 0.43
22 0.08 80 16 1000 98.43 1.62 1.08
23 0.08 80 11 500 94.76 2.30 1.20
24 0.08 80 11 1500 99.67 3.00 0.66
25 0.08 80 11 1000 93.11 1.65 1.18
26 0.08 80 11 1000 95.42 1.84 1.12
27 0.08 80 11 1000 93.10 1.78 1.27

Since the model of diameters was valid, a fitted regression equation was established by using partial
least squares projections to investigate the relationship between the diameter and the independent
parameters:

log;o(D+0.5) =  —0.558091 — 17.9492 x ¢ — 0.000649181 * T + 0.155156 * ¢
+0.000987155 * R — 0.0032472 # 12 4 0.244749 + c+ T )
—0.000618995 % T » £ — 1.10566¢ > % T % R — 2.02695¢ 72 + t » R

where D presents diameter, c is the concentration of the precursor, T is the reaction temperature, ¢ is the
reaction time, and R is the molar ratio of Zn2* to tri-sodium citrate.

Figure 2 shows the plot of the observed against predicted diameters. More specifically, the observed
values were from the experimental diameters, while the predicted ones were calculated from the above
equation. It was obvious that almost all of the observed values were very close to the predicted ones in
Figure 2. This means that the model was adequate and it had a good prediction power. Moreover, as
the R? value 0.89 was close to the ideal value 1, the regression model fit the raw data well. Therefore,
the model of diameter could be regarded to be an adequate model for the prediction of diameters.

19



Processes 2020, 8, 655

Table 2. The ANOVA table of the three responses.

TCoo2 DF 2 ssb MS © F p
Total 27 236,668 8765.49
Constant 1 234,987 234,987
Total corrected 26 1681.06 64.656
Regression 6 764.311 127.385 2.779 0.039
Residual 20 916.751 45.838
Lack of Fit
(Model error) 18 913.178 50.732 28.399 0.035
Pure error
(Replicate error) 2 3.573 1.786
Aspect Ratio DF? ssb MS © F p
Total 27 5.474 0.203
Constant 1 4.001 4.001
Total corrected 26 1.472 0.057
Regression 4 0.397 0.099 2.032 0.125
Residual 22 1.075 0.049
Lack of Fit
(Model error) 20 1.074 0.054 106.606 0.009
Pure error 2 0.001 0.001
(replicate error)
Diameter DF? ssb MS © F P
Total 27 1.611 0.060
Constant 1 0.364 0.364
Total corrected 26 1.247 0.048
Regression 9 1.104 0.123 14.541 0.000
Residual 17 0.143 0.008
Lack of Fit 15 0.142 0.009 12.629 0.076
(Model error)
Pure error 2 0.001 74 x107*
(replicate error)
2 degree of freedom, b sum of squares, and ¢ means square.
04 -~
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Figure 2. The observed versus predicted values of the diameters.

A scaled and centered coefficients plot, as shown in Figure 3, was applied to investigate the
effects of the parameters. If the confidence interval of the factor did not cross the horizontal axis,
the corresponding factor could be determined as a significant parameter for the response. To illustrate,
the linear terms (c, t, and R), the square term £2, and the interaction terms (c*T, T*t, T*R, and t*R) were
identified as significant parameters for the diameters. In addition, the diameters is increased with an
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increased concentration (c), reaction time (t), and interactions between the concentration and reaction
temperature (c*T). On the other hand, the increase of the molar ratio (R), the quadratic of reaction
time (tz), and the interaction terms T*t, T*R, and t*R decreased the diameters. What should be noted
is that there was one optimal point for the reaction time to achieve the largest diameter due to the
negative effect of t* and the positive effect of t.

0.15
0.10 1
0.05 4
0.00 4
-0.05 1
-0.10 1
-0.15

Scaled and centered coefficients

-0.20 +——————1———1
¢ T t R ¢ ¢TT*tT*Rt*

Figure 3. The scaled and centered coefficients plot of the diameters.

To further understand the changing tendency of the response with the parameters, the response
surface plots and response 4D contour plot are depicted. In the response surface plot, two parameters
were used as two axes, while the other two parameters were kept at their middle levels. Figure 4
shows the response surface plots of the diameters. Since the interaction terms ¢*T, T*t, T*R, and t*R
were detected in Figure 3, the response surface plots using them as axes are depicted in Figure 4a—d,
respectively. It can be seen from Figure 4a that an increased precursor concentration and elevated
reaction temperature were advantageous to the coarsening of the rods. The curved surface in Figure 4b
shows that there was an optimal region at 11-16 h for the reaction time to achieve the biggest
diameters. This was in a good agreement with the conclusion obtained from the scaled and centered
coefficients plot. Both of the surfaces in Figure 4c,d show that diameters were increased with a reduced
molar ratio, which certified the conclusion achieved in Figure 3. Additionally, Figure 4d shows that
the biggest diameter could always be obtained in an optimal region of 11-16 h for the reaction time.
This certificated the existence of the optimal region for reaction time again.

Figure 5 displays the response 4D contour plot of the diameters, which gives an overall view of
the changing tendency of the response. Similar to the conclusion from Figure 3, an optimal region for
reaction time to achieve the largest diameter could also be detected but with a narrow range of 11-13 h.
The comparison among the three columns certified again that the diameter increases with an increased
concentration. Moreover, the interactions between the factors could also be clearly observed from the
curved lines in Figure 5. Apparently, when both the concentration and reaction temperature were set
as their high level, ZnO rods with large diameters could always be obtained. This was consistent with
the results obtained from Figure 4a. Furthermore, the required process parameters for the specific
diameter could be easily found, which made the practical process efficient.
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Figure 4. The response surface plots of the diameters with varied parameters while the other
two parameters were fixed: (a) varied the concentration of Zn>* (c) and reaction temperature (T),
while reaction time (f) = 11h and the molar ratio of Zn2* to tri-sodium citrate (R) = 1000; (b) varied t
and T while ¢ = 0.08 M and R = 1000; (c) varied R and T while ¢ = 0.08 M and ¢ = 11 h; and (d) varied R
and t, while c = 0.08 M and T = 80 °C.

Diameter

500 1000 500 1000 500 1000 1500
R R R 0.4

Figure 5. The response 4D contour plot of the diameters. The three columns of images represent
the changing tendency of diameter with varied reaction temperatures and molar ratios of Zn?* to
tri-sodium citrate when ¢ = 0.06, 0.08, and 0.1 M, and the three rows of images represent the changing
tendency of diameter with varied reaction temperatures and molar ratios of Zn* to tri-sodium citrate
when T =70, 80, and 90 °C.
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Since the models of the texture coefficients and aspect rations had a lack of fit, they could not be
fitted by MODDE. On this condition, a one-pair-at-a-time main effect analysis was instead applied to
identify good factor settings. With this method, the experiments were grouped into pairs where only
one factor was varied. The first sixteen experiments were selected to illustrate this method, and the
plots for texture coefficients and aspect ratios are shown in Figures 6 and 7, respectively. In these two
figures, it is evident that the changing tendency of the response with the factors was complicated.
However, the general tendency could still be identified. For instance, in Figure 6, the texture coefficient
can be seen to have increased with an increased concentration, an elevated reaction temperature, and a
prolonged reaction time in most cases. The preference for molar ratio was not obvious. Moreover, the
texture coefficient could always reach the value larger than 90% when the reaction temperature was set
to 16 h. In the meantime, the value of texture coefficient was always below 85% when the parameters
were setasc=0.06 M, T="70 °C, and t = 6 h. In terms of aspect ratio, there was no obvious preference
for precursor concentration and reaction temperature. However, the decrease of reaction time and
increase of molar ratio favored the increase of aspect ratio in most cases. Furthermore, aspect ratio
higher than 8 could always be obtained with the parameters ¢ = 0.06 M, T = 80 °C, and R = 1500.
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Figure 6. One-pair-at-a-time main effect analysis of varied parameters (a) the concentration of Zn?*,
(b) temperature, (c) reaction time, and (d) molar ration of Zn?* to tri-sodium citrate on the texture
coefficients for the first sixteen experiments in Table 1.
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Figure 7. One-pair-at-a-time main effect analysis of varied parameters (a) the concentration of Zn?*,
(b) temperature, (c) reaction time, and (d) molar ration of Zn?* to tri-sodium citrate on aspect ratios for
the first sixteen experiments in Table 1.

In summary, the preferential growth along the [0002] direction was favored when the concentration,
reaction temperature, and reaction time were set at the high level while the molar ratio was set at the
low level. Moreover, the aspect ratio was increased by shortening the reaction time and increasing the
molar ratio. Furthermore, the diameters of the obtained ZnO rods were increased with the increased
concentration and reduced molar ratio. There was an optimal region of reaction time of 11-13 h to get
the largest diameter. On the condition of high reaction temperature and high precursor concentration,
a large diameter could always be obtained. In combining the above results to achieve ZnO rods with
high preferential orientation and big diameter, the precursor concentration, reaction temperature,
reaction time, and molar ratio should be set as 0.1 M, 90 °C, 16 h, and 500, respectively. The optimal
condition was exact the experimental setup of sample No. 8, where both the texture coefficient and the
diameter got the largest values.

The mechanism for the effect of the significant factors including concentration, reaction time, and
molar ratio can be elucidated as follows: Due to the addition of tri-sodium citrate, the growth rate of
the (0001) facets was suppressed. The narrow distribution of the length of 1-3 um directly reflected this
suppression. On this condition, the increase of the concentration promoted the thickening of the rods.
Similarly, when R was reduced, the amount of the tri-sodium citrate was correspondingly increased.
Consequently, the suppression of the growth along the [0001] direction was stronger and the diameter
was increased. Compared to the obtained diameters of 100-150 nm in our previous study [18] without
the addition of tri-sodium citrate, the diameter was increased to a large extent in this work. With respect
to the reaction time, the rods got thickening before 12 h. This was reasonable because a prolonged
reaction time was favorable for the lateral growth. However, the slight reduction after 12 h is difficult
to explain. More investigation needs to carry out.

3.2. Structure and Morphologies of the Obtained ZnO Rod Arrays

The synthetic approach in this work enabled the production of dense microstructures for all
of samples. The morphologies evolved with an increased diameter. Figure 8a—d shows the typical
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SEM images of these structures. For all the samples, since the ZnO seeds may have been spanned off
at the edge of the sample and rod arrays were formed through spatially confined oriented growth,
the rods on edges were randomly oriented. The corresponding SEM images are shown in Figure S1 in
the Supplemental Information. However, the obtained ZnO rods were vertically and homogenously
aligned in the center. Therefore, all the SEM images in this work were taken in the center of each
sample, and the lengths and diameters were averaged over 20 randomly picked rods. Apparently, the
obtained structures were denser with an increased diameter. In Figure 8a, the mean diameter can be
seen to be 0.29 um, and the rods are individual. When the mean diameter was increased to 0.43 um in
Figure 8b, the rods started to merge with each other. In Figure 8c, the diameter was further increased
to 0.66 pm, all the rods were merged into each other and a dense thin film was formed according
to the corresponding cross-sectional SEM images. However, further increasing the diameter caused
secondary growth, as shown in Figure 8d. Layered structures were produced on top of the rod arrays
on this condition. The corresponding XRD patterns of the samples are also shown in Figure 8e for the
investigation the crystal structures. It is evident that all of the samples had a dominated preferential
orientation along the [002] direction. More specifically, for samples 24 and 8, the (100) and (101) peaks
were almost invisible, and perfectly (002) oriented growth was obtained. This was consistent with the
morphologies observed from the corresponding cross sectional SEM images in Figure 8c,d. In contrast,
the observation of the (100) and (101) peaks in the patterns of samples 11 and 21 indicated the slight
inclining of the obtained rods.

—24

Relative intensity (a.u.)

(100) (101)

30 32 34 36 38 40
20 ()

Figure 8. Typical SEM images (a—-d) and XRD patterns (e) of the obtained ZnO rod arrays. The insets in
the SEM images are the corresponding cross-section images of ZnO nanorod arrays, and the enlarged
cross-sectional images can be found in Figure S2 in the Supplemental Information. The numbers
denoted in the plots are the sample number in Table 1.

3.3. Photoluminescence Spectra of the Obtained ZnO Rod Arrays

The room temperature PL spectra of the obtained ZnO rods were measured to investigate the
optical properties of the obtained ZnO rod arrays. If the spectra of all the samples are depicted and
discussed here, the paper would be too long. Therefore, only the PL spectra of the four samples selected
in Figure 8 are presented here, as shown in Figure 9. There were two peaks in the spectra. One was a
strong near-band edge UV emission peak located at ~379 nm which originated from the recombination
of the electrons from conduction bands to valence bands. The other was a broad visible band ranging
between 500 and 650 nm. This was a defect related deep level emission induced by the defects of
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O vacancies, Zn interstitials, or their complexes. It was evident that the photoluminescence properties
of the obtained ZnO rod arrays were related to the texture coefficient and the diameter. Apparently, the
higher the texture coefficient, the lower the intensity of the broad-band emission. This indicated that
the sample with higher texture coefficient had fewer defects and better crystal quality. Comparing the
spectra of sample 8 and 24, which had almost the same texture coefficient, the crystal quality was better
when the diameter was larger. This can be explained as follows: ZnO rod arrays were obtained by
spatially confined oriented growth (as explained in our previous work [19]), so less random orientation
close to the substrate appeared when the diameter was larger. Therefore, fewer boundaries were
obtained when the rods merged together and the crystal quality was better. What should be noted is
that the decrease of the intensity of the broad visible band may also have been related to the location of
defects. It has been suggested that defects that are optically active are situated at the near surface of
ZnO nanowires [29], while the NBE peak could be attributed to the whole volume of the nanowire.
Therefore, larger diameter rods had a smaller surface area to volume ratio that could have caused the
reduced DLE peak relative to the NBE peak. Both the above two mechanisms were related to the fewer
surfaces of rods with larger diameters, i.e., increased crystal qualities.
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Figure 9. Photoluminescence spectra of the obtained ZnO rod arrays with different parameters.
The number denoted above each spectrum represents the experiment number in Table 1.

4. Conclusions

In this study, vertically aligned ZnO rods arrays with large diameters were successfully synthesized
by using a chemical bath deposition method. With the assistance of response surface methodology,
the oriented growth, aspect ratio, and diameter could be systematically controlled. The changing
tendency of the three responses with the involved factors was mapped, and the required parameters
to achieve the specific values of response could be efficiently found. With the optimized parameters,
the maximum value of texture coefficient and diameter could reach 99.62 and 1.77 pum, respectively.
On this condition, the rods were merged together, and a dense ZnO thin film was formed.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/6/655/s1,
Figure S1: The SEM image of obtained ZnO rods in the edge of the samples. Figure S2: The enlarged cross-sectional
images of the obtained ZnO rod arrays, corresponding to Figure 8 in the manuscript. All authors have read and
agreed to the published version of the manuscript
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Abstract: A new member of sodium metal diphosphate-diarsenate, Na,CuP;5Asy507,
was synthesized as polycrystalline powder by a solid-state route. X-ray diffraction followed by
Rietveld refinement show that the studied material, isostructural with -NayCuP,Oy, crystallizes
in the monoclinic system of the C2/c space group with the unit cell parameters a = 14.798(2) A;
b=5.7293) A; ¢ = 8.075(2) A; B = 115.00(3)°. The structure of the studied material is formed by
Cu,P4O;5 groups connected via oxygen atoms that results in infinite chains, wavy saw-toothed along
the [001] direction, with Na* ions located in the inter-chain space. Thermal study using DSC analysis
shows that the studied material is stable up to the melting point at 688 °C. The electrical investigation,
using impedance spectroscopy in the 260-380 °C temperature range, shows that the Na,CuP; 5As) 507
compound is a fast-ion conductor with o359 °C = 2.28 1075 Sem™! and Ea = 0.6 eV. Na* ions pathways
simulation using bond-valence site energy (BVSE) supports the fast three-dimensional mobility of the
sodium cations in the inter-chain space.

Keywords: diphosphate-diarsenate; crystal structure; electrical properties; transport pathways simulation

1. Introduction

The research exploration of new inorganic materials with open framework constructed of
polyhedra sharing faces, edges and/or corners forming 1D channels, 2D inter-layer spaces or 3D
networks where cations are located, is currently an area of intense activity including several disciplines,
in particular solid-state chemistry. In particular, alkali metal phosphates were found to have various
applications because of their electric, piezoelectric, ferroelectric, magnetic, and catalytic properties [1-4].
Among those, the families of materials with the melilite structure [5], the olivine structure [6] and the
natrium super ionic conductor (NaSICON) structure [7], attracted attention for their ionic conduction
and exchange of ions [6,7].

More recently, in a series of studies arsenate analogs have been synthesized [8-10]. But, until today
phosphate compounds are more studied as cathodes [11,12] compared to arsenate and this is perhaps
due to the toxicity of arsenic III (As,O3). However, the oxide of arsenic V (As;Os) is less toxic.
In addition, the introduction of arsenic into a structure changes its physical and chemical properties
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and even toxicity. On the other hand, the comparison of the electrochemical properties of LiCoPO, and
LiCoAsO4 both with olivine structure and close unit cell parameters, shows reversible (de)intercalation
from/into material at average voltages of 4.8 and 4.6 V, respectively for LiCoAsOy [10] and a voltage
average of 2.5-5 V for LiCoPOy [11].

The NayMP, 0Oy systems (M = transition metal) [13,14] have a layered structure with the layers
[MP50;],2 and the sodium cations localized in the interlayer space, which favors high ionic
conductivity. We recently investigated the effect of the substitution of P by As with a larger ionic radius
for ionic conductivity and showed the improvement of ionic conductivity for Na,CoPy 5As) 507 [15],
which has an electrical conductivity value of 040°c = 7.91x107° Sem™! and an activation energy
Ea = 0.56 eV compared to NayCoP,07 (0309 °c =2 X 107> Sem™!; Ea = 0.63 eV) [13].

In our search for new polyanion oxides of sodium and transition metals, the exploration of the
NapO-CuO-P,05-As,05 crystallographic systems allowed us to isolate a new member of di-phosphate
arsenates, NapyCuP; 5As) 507, in the polycrystalline powder form. In this paper, characterizations
and physicochemical studies of the new member of sodium copper diphosphate-diarsenate material,
Na,CuPq 5As0507, and a comparison with other previous works encountered in the literature will
be presented.

2. Materials and Methods

A mixture of Cu(NO3),.2.5H,0, NH4H,PO,4 and NayHAsO4.7H,0 in the molar ratio Na:Cu:P:As
equal to 2:1:1.5:0.5 was placed in a porcelain crucible and heated to 350 °C for 24 h to eliminate the
volatile products HyO, NO,, and NHj3. The obtained powder was ground manually using agate mortar
and shaped as cylindrical pellets by a uniaxial press. The obtained pellets were heated to 600 °C.
After 72 h, the sample was cooled slowly at a rate of 10 °C/h down to room temperature. After grinding
finely, a blue polycrystalline powder was obtained.

X-ray powder diffraction (XRD) was used to control and ensure the purity of the obtained powder.
The analysis was carried out using XRD-6000 (Shimadzu, Japan) with graphite monochromator
(Cuke, A = 0.154178 nm) and a scan range of 20 = 10°-70° with step of about 0.02°. The structure
was refined using the Rietveld method by the means of the GSAS computer program [16] (EXPGUI,
Gaithersburg, Maryland, USA). The crystallographic data of NayCuP,Oy7 [17] was used as a starting
set. The obtained structural model was confirmed by the Charge Distribution CHARDI model of
validation. The CHARDI calculation was done by using the CHARDI2015 computer program (Nespolo,
IUCR) [18].

FTIR spectrometer (Agilent Technologies Cary 630 model) was used to allow a direct indexation
of the peaks on a spectral range in wave numbers ranging from (1300400 cm™).

Differential scanning calorimetry (DSC), with the SDT Q600 model, was used to study the thermal
behavior of the obtained and prepared sample. In fact, the device contains two crucibles, one as a
reference and the other contains the sample to be analyzed. These two crucibles are heated to 750 °C at
arate of 10 °C/min. The thermal analysis was carried out under a nitrogen atmosphere to avoid the
reaction of the sample with the oxygen in the air.

Energy-dispersive X-ray spectroscopy (EDX) and scanning electron microscopy (SEM, Thermo
Fisher Scientific model), were used to identify the present elements and the microstructure of the
studied material, respectively.

The electrical measurements were preceded by pretreatment of the sample in order to densify the
measured sample by reducing the mean particle size of the synthesized powder. Mechanical grinding
for 100 min was carried out using the FRISCH planetary micromill pulverisette 7. The polycrystalline
sample was shaped as a cylindrical pellet using a uniaxial press. The pellet was sintered in air at an
optimal temperature of 610 °C for 2 h with 5 °C/min heating and cooling rates. The geometric factor
of the dense ceramic is g = /S = 0.793 cm ™! where e and S are the thickness and face area of pellet,
respectively. Gold metal electrodes ~36 nm thick were deposited using a SC7620 mini sputter coater.
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The sample was then placed between two platinum electrodes that were connected by platinum cables
to the frequency response analyzer (HP 4192A) which was controlled by a microcomputer.

Impedance spectroscopic measurements were performed via the Hewlett-Packard 4192-A
automatic bridge supervised by HP workstation. Impedance spectra were recorded with 0.5 V
AC-signal in the 5 Hz-13 MHz frequency range.

The bond-valence site energy (BVSE) model [19,20] was used to simulate the alkali migration in
the 3D anionic framework. The BVSE model is the latest extension of the bond-valence sum (BVS)
model developed by Pauling [21] to describe the formation of inorganic materials. The BVS model was
improved by Brown & Altermatt [22] followed by Adams [23], resulting in the expression:

—Ra_
Sax — exp(R%)

)
where sp_x is individual bond-valence, R_x is the distance between counter-ions A and X, Ry and b
are fitted empirical constants, and R is the length of a bond of unit valence.

The BVSE model was extensively used in the cation motion simulation in the anionic framework
by following the valence unit as a function of migration distance [24]. The valence unit was
also recently related to potential energy scale and electrostatic interactions [19,20]. The BVSE
method was used with success to simulate the transport pathways of monovalent cations (Na*;
K* and Ag") in numerous materials including Na,CoP; 5As( 507 [15], Naj 14K g6CoP,0O7 [25] and
Ags368C02(P207), [26]. The BVSE calculations were performed using the SoftBV [27] code and the
visualization of isosurfaces was carried out using VESTA3 software (version 3, Koichi Momma and
Fujio Izumi, 2018).

3. Results and Discussion

3.1. X-ray Powder Diffraction

The crystallographic study was started by a simple comparison between the XRD pattern
of the prepared materials in the NayO-CuO-P;05-As;0O5 system and those of the previous
studies of diphosphate Na,MP,07 [5,7,14,28,29] and NayCoP; 5As0507 [15]. In this case, only the
NayCuPq 5As 507 diffractogram showed a similarity with that of the 3-Na,CuP,O; diphosphate [17].
It crystallizes in the monoclinic system of the C2/c space group. This result prompted us to make
a precise refinement using the Rietveld method which was implemented into the GSAS computer
software [16]. The final agreement factors are Rp = 5.4% and Rwp = 6.9%. No additional peaks were
detected. The final Rietveld plot is presented in Figure 1. The unit cell parameters obtained from
the Rietveld refinement are a = 14.798(2) A; b = 5.729(3) A; ¢ = 8.075(2) A; B = 115.00(3)° (Table 1).
The details of the crystallographic data, data collection and final agreement factors are given in Table 2.
The atomic coordinates and isotropic displacement parameters are listed in Table 3. The main bond
distances are given in Table 4. The charge distribution analysis and the bond-valence computation are
summarized in Table 5.

Table 1. Unit cell parameters of the 3-Nap,CuP,;0O; and NapyCuP 5As) 507 materials.

Parameter NayCuPq5As(507 (Current Work) B3-NayCuP,07 [30]

a(A) 14.798(2) 14.728(3)
b (A) 5.729(3) 5.698(1)
c(A) 8.075(2) 8.067(1)
B () 115.00(3) 115.15(1)
V (A3) 620.43(3) 612.80(2)
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Figure 1. Results of the Rietveld refinement of the powder of NayCuP; 5As( 507 based on XRD data.

Table 2. Structure refinement results of the Na,CuP; 5As) 507 compound.

Crystallographic Data
Empirical Formula NayCuPq 5As)507
Formula Weight; pc,| 305.44 g mol~1;3.220 g cm™!
Crystalline System; Space Group Monoclinic, C2/c

Unit Cell Dimensions

a=14.8688 (8), b =5.7591 (3), c = 13.5957 (7) B = 147.2406 (12)

Volume; Z V =629.97 (6) A3; 4
Data Collection
Diffractometer Bruker D8 ADVANCE
Wavelength AcuKa = 1.54056 A
Temperature 298 (2) K
Angle Range 4.91°-69.91°
Step Scan Increment (°26) 0.02°
Counting Time 2s
Refinement
Angle Range 4.91°-69.91°
Ry 0.054
Rup 0.069
Rexp 0.043
R(F?) 0.05117
Goodness of Fit y2 2.592
No. of Data Points 3251
No. of Restraints 18

Profile Function
Background

Pseudo-Voigt
Chebyshev function with 20 terms
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Table 3. Fractional atomic coordinates and equivalent isotropic displacement parameters (A2).

X z Uiso Occ. (<1)
Cul 1 3 0.0123 (12)
P1/Asl  05112(2) 0.5884(5) 0.6563(3) 0.0065(14)  0.75/0.25
Nal  0.3211(5) 0.8919 (9) 0.2991(5)  0.004 (2)
o1 0.6590 (6)  0.4179(9)  0.7999 (6)  0.006 (2)
02 0.5389 (4)  0.7622 (10)  0.6011(6)  0.006 (2)
03 0.8432 (6)  0.0371(12) 0.9916 (5)  0.041 (5)

04 1 0.7267 (9) 3 0.018 (5)

el |

Table 4. Main bond distances (A) in the coordination polyhedra for Na,CuP; 5As)507.

CulOy (P1/As1)Oy
Cul—O1i 19938 (3)  (P1/As1)—O1  1.5457 (3)
Cul—O1* 19938 (3)  (P1/As1)—02  1.5015 (3)
Cul—O3i 19247 (3) (P1/As1)—O3%  1.5387 (3)
Cul—O03%  1.9247 (3)  (P1/As1)—O4  1.6248 (3)
NalOg
Nal—O1'  2.3985 (4) Nal—O2V 2.3220 (4)
Nal—O1¥F  2.6566 (4) Nal—O2vi 2.5780 (4)
Nal—O02  2.3541 (4) Nal—O3! 2.3485 (4)
Symmetry codes: (i) —x + 1, =y + 1, =z + 1; (ii) x=1/2, =y + 1/2, z + 1/2; (iii) —x + 1, y, =z + 3/2; (iv) -x + 1, -~y + 2, -z

+1; (v) x=1/2, =y=1/2, z + 1/2; (vi) x=3/2, =y + 1/2, z=1/2; (vii) —x + 1/2, y=1/2, =z + 1/2; (viii) —=x + 1/2, y + 1/2, =z +
1/2; (ix) x, =y + 1, z=1/2; (x) x=3/2, =y-1/2, z—1.

Table 5. Charge distribution analysis of cation polyhedra in NayCuP; 5As)50;.

Cation  q().sof(i) Q@G) CN@G) ECoN@G) dar(d) dmpeql

Cul 2.000 1.96 4 3.96 1.955 1.959
M1 5.000 5.03 4 3.88 1.544 1.552
Nal 1.000 0.98 6 5.47 2.400 2.443

q(i), formal oxidation number; Q(i), computed charge; sof(i), site occupation factor; da(i), arithmetic average
distance; dpmeq (i), weighted average distance; CN, coordination number; ECoN(i), effective coordination number.
M1 = (0.75P + 0.25As=).

By comparing the unit cell parameters of the studied material with those of 3-Na,CuP,07, the P/As
substitution effect increases the volume of the unit cell (Table 1), which is explained by the distance of

As—O bonds being greater than that of P—O.

3.2. Infrared Spectroscopy

The IR absorption spectrum of the studied NayCuP; 5As(507 material is shown in Figure 2.
The spectrum shows the presence of the series of distinct bands attributed to asymmetric and
symmetrical valence vibrations of the P-O-P and As-O-As bridges. These bands are characteristic of
the pyrophosphate (P,07)* and diarsenate (As,O7)*~ groups (Table 6) [30] and similar to those of the

LipCuP, Oy spectrum [31].
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Figure 2. FT-IR spectrum (1300-500 em™1) of NayCuPq 5As)507.

Table 6. Proposed assignment of the vibration bands of NayCuP; 5As) 507

Attribution Wave Number (cm~1)

1188

Vas (PO3)
1164
Vas (ASO3) 1100
1064

Vs (PO3)
1025
Vs (AsOg3) 994
Vas (POP) Stretching Vibrations 901
Vas (AsOAs) Stretching Vibrations 841
814
Vs (POP) Stretching Vibrations 772
721
. L 694

Vs (AsOAs) Stretching Vibrations
653
629
8as (PO3) Deformation Modes

595
85 (PO3) Deformation Modes 544

3.3. DSC Thermal Analysis

In order to determine the thermal stability of the studied compound, the DSC analysis was
used in the range from room temperature to 750 °C. The analysis result is illustrated in Figure 3.
An endothermic peak was observed at 688 °C. This peak corresponds to the melting point of our
compound. While, an exothermal peak is shown at 743 °C, after the fusion, probably corresponds to
the oxidation of fractions of Cu?* to Cu3* in the obtained liquid phase. Overall, the thermal analysis
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via DSC shows that Na,CuP; 5Asg 507 material is stable up to a temperature of 674 °C. The sharpness
of the endothermic peak in the DSC analysis suggests good crystallinity of our synthesized powder.

. :
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Figure 3. DSC curve of the Na,CuP; 5As) 507 compound.

Here we can also compare the thermal stability of NayCuP; 5As)507 to that of the recently
studied Co analog NayCoP; 5Asy507. The Cu material is stable from room temperature to the melting
temperature, which is around 688 °C. In contrast, the Nay,CoP; 5Asy 507 material undergoes a phase
transition at a temperature of 675 °C before melting at ~700 °C. This shows that the Na,CuP; 5As( 507
material is more stable than the Na,CoP; 5As( 507 material [15].

3.4. SEM Microstructure and EDX Analysis of NayCuP; 5As) 507

Energy-dispersive X-ray spectroscopy (EDX) and scanning electron microscopy (SEM) analysis
were used to confirm the chemical composition and examine polycrystalline morphology, respectively
(Figure 4). The EDX analysis of the polycrystalline powder revealed the presence of the expected
elements, i.e., sodium, copper, phosphorus, arsenic, and oxygen. The micrograph on SEM of the
sample shows agglomeration of uniform parallelepiped crystallites. The mapping elemental analysis
of Nap,CuP; 5As)507 confirmed the uniform distribution of the constituent elements (Figure 5).

Figure 4. (a) EDX analysis and (b) SEM micrograph of the Na,CuP; 5As) 507 sample.
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Figure 5. The mapping elemental analysis of the Na,CuP; 5As) 507 sample.
3.5. Crystal Structure Description

The structural unit of NayCuP; 5As) 50y is presented in Figure 6. It contains two P,O7 units
connected by a vertex with two CuOy of square planar geometry. The charge neutrality of the structural
unit is ensured by four sodium ions (Na*).

36



Processes 2020, 8, 305

Figure 6. The structural unit of NayCuP; 5As0507.

The CupyP4O15 groups of the structural unit are bound by oxygen peaks to result in infinite
chains and are wavy saw-toothed along the [001] direction (Figure 7). The Na* ions are located in the
inter-chain space.

Figure 7. View of the structure of NayCuP; 5As)507 in the ac plane showing the arrangement of
the chains.

Other projections of the structure of NayCuP; 5As) 507 according to the [100] and [001] directions
are shown in Figure 8.
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(a) (b)

Figure 8. Projections of the Na,CuP; 5As( 507 structure along the (a) [100] and (b) [001] directions.

The structure of our material differs from that of the allotropic form «-Na,CuP,Oy [17], which has
a two-dimensional anionic framework formed by the connection of vertices of POy, tetrahedra,
and CuOs polyhedra.

Compared to the sodium cobalt diphosphate-diarsenate NayCoP; 5As) 507 investigated recently
by Marzouki et al. [15], we notice that despite a similar composition, NapCuP; 5As( 507 crystallizes in a
different structure type. Indeed, the cobalt material crystallizes in the tetragonal system of the P4,/mnm
space group with the unit cell parameters a = 7.764(3) A, c=10.385(3) A. In contrast, the studied material
NayCuP; 5As050y7, crystallizes in the monoclinic system of the C2/c space group with the unit cell
parameters a = 14.798(2) A;b=5.729(3) A; c = 8.075(2) A; B = 115.00(3)°. The difference is undoubtedly
determined by the preference of the Jahn-Teller active d° Cu?* to adopt square coordination (Figure 6).

3.6. Electrical Properties: Effect of P/As Doping

The prepared pellet of the Na,CuP; 5As)507 compound was sintered at 550 °C for 2 h with a
5 °C/min heating and cooling rate. The relative density of the obtained pellet is D = 88%. The thickness
and surface of the pellet are e = 0.36 cm and S = 0.454 cm?, respectively. The electrical measurements
of the obtained sample were carried out using complex impedance spectroscopy in the temperature
range of 260-380 °C. The recorded spectra are shown in Figure 9.

The best fits of impedance spectra were obtained when using a conventional electrical circuit
Rg//CPEg-Rgp//CPEgp, where CPE are constant phase elements (Figure 9a) and subscripts g and gb
indicate bulk grain and grain boundary contribution, respectively:

ZCPE = — )
A(jO))

The true capacitance was calculated from the pseudo-capacitance according to the following
relationships:

O = (RA)™7 = (RC)™ €]

(where wy is the relaxation frequency, A is the pseudo-capacitance obtained from the CPE, and C is the
true capacitance.
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Figure 9. Impedance spectra of Na,CuP; 5As( 507 recorded in a temperature range of 240-360 °C in
air. The refined calculated model is shown in (a) the Nyquist and (b) Bode planes.

The electrical parameter values calculated at different temperatures are shown in Table 4. The values
of the capacities Cgk and Cgpk are approximately 107! and 10719 Fem™! for the bulk and grain
boundaries, respectively [15]. In fact, with a relative density of D = 88%, the conductivity of the
prepared sample (Table 7) increases from 0.35 107> Sem™! at 260 °C to 3.13 107> Sem™~! at 380 °C.
On the other hand, the 12% porosity of our sample prompted us to estimate the conductivity values of
the fully dense sample of Na,CuP1 5As) 507 using the empirical formula proposed by Langlois and
Coeuret [32]:

(1-Pp)
7 od 4)
where o and og4 are the electrical conductivity of porous and dense samples, respectively. P is the

porosity of the sample.

o=
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This correction has been used in previous works such as NayCoP; 5As)507 [15]. Taking into
account the porosity factor P = 0.12, the conductivity value of dense material will be o4 = (40/0.88).
The conductivity values of dense sample calculated at different temperatures are summarized in Table 7.
In this case, the experimental conductivity of 3.5 107 Scm™! corresponds to the corrected value of
1.59 1075 Sem™! at 260 °C.

The curve Ln (o X T) = £ (1000/T) is linear (Figure 10), satisfying the Arrhenius law LnoT = Lnoy
— Ea/kT (k = Boltzmann constant). The activation energy calculated from the slope of this curve is
Ea =0.60 eV.

-3.5

Ln (oT(S"cm™K))

5.5
] Ea = 0.60 eV
60 AN
-6.5 — T T T T 1 ' T T T T T T T 1
150 155 1.60 1.65 170 175 1.80 1.85 1.90

1000/T (K"

Figure 10. Arrhenius plot of the conductivity of the NayCuP; 5As( 507 sample.

The electrical investigation of the studied material shows that the activation energy, which is
unaffected by porosity and thus easier to use for comparison, decreases for NayCuP;5As)507
compared to that of Nay,CuP,Oy [33], i.e., 0.60 eV and 0.89 eV, respectively. Consequently, the effect
of P/As substitution increases the electrical conductivity of the parent material Na,CuP,0; at
lower temperatures [33]. Overall, a comparison of the conductivity values of the studied material
Na,CuP; 5As0507 (at T =350 °C, 0 = ggo, =228 X 1072 Sem™; 04 =2.28 X 1074 Sem™! and Ea = 0.60 eV)
with those found in the literature shows that our material can be classified among the fast ionic
conductors as shown in Table 8.

Table 8. Activation energies of ionic conductivity for some sodium-ion materials.

Material Activation Energy (eV)  Temperature Range (°C) Ref.
NapCuPq 5As9507 0.60 260-380 current work
NayCoPq 5As0507 0.56 240-360 [15]

Nay 14K 86CoP,07 1.34 360-480 [24]
Nay 84Ag1.16C02(P207)2 1.36 510-630 [34]
NaCoyAs301g 0.48 160-410 [35]
NayCos 3Alp91(AsOy)e 0.56 400-550 [36]
NayCoy(MoOy)3 1.20 180-513 [37]
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3.7. BVSE Simulation: Na* Migration Pathways in Na,CuPq 5As9507

The BVSE calculation revealed in addition to the equilibrium site Nal, the presence of two
interstitials sites (il to i2) and ten saddle points (s1 to s10) (Table 9). Thus, there are ten local pathways
as shown in Table 10. Figure 11 shows the position of equilibrium sites and interstitial sites in the
unit cell.

Table 9. Bond-valence sites energies and positions of equilibrium site (Nal), interstitial sites (il and i2)
and saddle points (s1 to s10).

Site X y z Energy (eV)

Nal 0.185 0611 0.701 0.000
il 0524 0875 0.424 0.288
i2 0262 0194 0.986 0.715
sl 0560 0.125  0.632 0.354
s2 0226  0.083  0.215 0.466
s3 0.006  0.389  0.250 0.550
s4 0.125 0.528  0.069 0.602
s5 0.250  0.250  0.000 0.749
s6 0.173  0.431  0.958 0.870
s7 0.714  0.208  0.583 0.960
s8 0.821  0.708  0.375 1.260
s9 0.190  0.333  0.653 1.289

s10  0.167 0361 0.833 1.643

Figure 11. Unit cell of the title compound showing the position of the equilibrium site Nal and the
interstitial sites (il and i2).

Table 10. Local transport pathways in the anionic framework, energetic barrier (eV) and hop distance (A).

Local Path  Sitel Saddle Site2  Barrier (V)  Hop Distance (A)

1 il sl Nal 0.354 1.904
2 Nal 52 Nal 0.466 3.119
3 il s3 il 0.261 4.145
4 il s4 Nal 0.602 2.593
5 i2 s5 i2 0.033 0.955
6 i2 s6 il 0.582 2.922
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Table 10. Cont.

Local Path  Sitel Saddle Site2  Barrier (V)  Hop Distance (A)

7 i2 s7 Nal 0.960 3.282
8 il s8 Nal 1.260 3.168
9 Nal s9 il 1.289 3.168
10 i2 s10 il 1.355 3.956

Figure 11 shows that the migration along the b direction does not involve any interstitial sites,
and the diffusion occurs from the equilibrium site Nal to its symmetry image, with a jump distance of
approximately 3.119 A and with an activation energy of approximately 0.466 eV (Figure 12a).

Along the ¢ direction, Figure 11 shows that the sodium moves from the Nal position to the
interstitial sites i2 then to il to reach the equivalent Nal site (Figure 12b) with an activation energy
along this direction of approximately 0.96 eV (Figure 12b).
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Figure 12. Variation of energy as a function of the reaction coordinate along the (a) b-direction,
(b) c-direction and (c) a-direction.

Along the a direction, the sodium atoms pass through the following sites: Nal-il-i1-Nal-i2.
The activation energy along this direction is approximately 0.96 eV (Figure 12¢). Thus, the activation
energy of the title compound for 1D and 3D ionic conductivity is approximately 0.466 eV and 0.96 eV,
respectively. Figure 13 shows the isosufaces of conduction pathways.

Figure 13. Isosurfaces of conduction showing the polyhedral of coordination and the 3D ionic
conductivity pathways transport of sodium in NayCuP; 5As) 507,

Consequently, based on the BVSE calculations, the fast ionic conductivity observed for the material

can be explained by the three-dimensional mobility of Na* ions in the inter-ribbon space, likely with
more favorable diffusion along the b-axis.

4. Conclusions

A new quaternary oxide Na,CuP 5As) 507 was identified in the NayO-CuO-P,05-As,05 system.
It crystallizes in the monoclinic C2/c space group and is isostructural to 3-NayCuP,0O;. The partial
substitution of P appears to be beneficial for ionic conductivity as the material exhibits lower activation
energy of 0.6 eV vs. 0.89 eV for the parent 3-Na,CuP,0;. According to the impedance spectroscopy
performed on the 88% dense pellet, the bulk ionic conductivity reaches the value of 2.28 107> Sem ™,
which allows NayCuP; 5As)507 to classify as a fast ion conductor. The bond-valence site energy
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calculations suggest that the Na* diffusion is three-dimensional with some preference for transport
along the b axis.
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Abstract: The quality of electrospun poly(ethylene oxide) (PEO) nanofibrous mats are subject to a
variety of input parameters. In this study, three parameters were chosen: molecular weight of PEO
(100, 300, 600, and 1000 kg/mol), PEO concentration (in distilled water), and shear viscosity of PEO
solution. Two relations free of any adjustable parameters were derived. The first, describing the
initial stage of an electrospinning process expressing shear viscosity using PEO molecular weight
and concentration. The second, expressing mean nanofiber diameter using concentration and PEO
molecular weight. Based on these simple mathematical relations, it is possible to control the mean
nanofiber diameter during an electrospinning process.

Keywords: electrospinning; poly(ethylene oxide); nanofiber diameter; molecular weight;
concentration

1. Introduction

At present, nanofibrous mats are efficiently used in many applications: filters, tissue engineering,
drug delivery systems, antibacterial wound dressing, protective clothing, nanocomposite materials, to
name a few. One of the ways one can produce nanofibrous mats is through the process of electrospinning.
In this process, polymer solution or melt is exposed to a high-voltage electric field (in orders of tens kV)
under which viscoelastic polymer jets emanate from so-called Taylor cones [1] formed at the polymer
surface. After passing approximately 10-20 cm in length, the material of the jets (after evaporation of a
solvent) is cumulated on an earthed collector [2—4] at the shape of individual nanofibers forming a
non-woven textile.

The problem is that some promising materials, such as chitosan, keratin, and other protein-based
materials, cannot be electrospun in their pure forms. This contrasts with the easy spinnability [5,6]
of, e.g., poly(ethylene oxide) (PEO). Fortunately, even the negligible presence of PEO (up to 2%) in
solutions of the above-listed materials completely changes their disposition to being electrospun (see
below). Intensive study of PEO behavior during the electrospinning process has been undertaken
due to this fact and because of the excellent biodegradability, biocompatibility, and non-toxicity.
These attributes also reflect PEO nanofiber applications in biomedicine and the food industry [7-10]
apart from the above already mentioned improvements in spinnability in combination with chitin or
chitosan [11-14], keratin [15,16], silk [17,18] and other materials.

As in any electrospun material the resulting properties of PEO nanofibrous mats are subject
to four groups of entry parameters: the polymer (molecular weight, molecular weight distribution,
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topology of macromolecules), solvent (surface tension, solubility parameters, relative permittivity),
solution (viscosity, concentration, specific conductivity), and process parameters (electric field strength,
tip-to-collector distance, temperature, humidity). In no way can these parameters be analyzed
separately as many of them are mutually interlaced as can be documented, for example, in the case of
molecular weight, concentration, and viscosity.

The whole process of electrospinning is so complex that there is no possibility to express the
behavior of one parameter—e.g., a mean nanofiber diameter—through the remaining ones. This
can be documented by a relatively complicated process of nanofiber formation starting from an
initial straightforward stable motion of liquid material towards a collector, consecutively changed
to a “‘whipping’ (unstable, chaotic) motion, and finally, after solvent evaporation, converting to solid
nanofibers. Therefore, there is a necessity to choose a limited number of crucial parameters that
participate in the setting of a nanofiber diameter and fixing of the others.

Experimentally this approach was applied to determine the dependence of a mean nanofiber
diameter on polymer concentration [19-28], on applied voltage [22-26,28,29], on viscosity [20,21], on
solution flow rate [22,23,25,26,29], on tip-to-collector distance [22-24,30], on addition of salts [24,29],
on the composition of the mixed solvent [31], on elasticity of the solution [32], on addition of
nanoparticles [33,34], on addition of polyelectrolyte [35].

Electrospinning is a complex phenomenon to analyze because of the coupling between the electric
field and the deformation of the fluid, the latter, in turn, determined by the rheology of the material [36].
The first theoretical approach in describing the process where electrospinning starts with a Taylor
cone, passes through both regions (straightforward and spiraling) of viscoelastic jet, and then up to the
deposition of nanofibers onto a collector, appeared approximately two decades ago. The beads-spring
model (not to be confused with the appearance of unwanted beads violating the straight geometry
of final nanofibers) was presented in [37]. A list of this and other models [38-46] describing the flow
behavior of electrified and electrospun viscoelastic jets is introduced in [2].

The authors in [44] concluded that a final nanofiber diameter can be determined from knowledge
of the flow rate, electric current, and the surface tension of the fluid. In [27], the authors present the
independence of an initial straight jet diameter on solution concentration and indicate that a mean
nanofiber diameter depends dominantly on the jet-whipping process. In [47], the authors applied the
theoretical modeling in [42,43] and stated that the final diameter also depends on the initial diameter
of a jet. They classify the importance of 13 entry parameters with respect to their influence on a mean
nanofiber diameter and sort them into three groups: strong, moderate, and minor. The model involving
solution viscosity, evaporation rate, and containing specific charge (electric current divided by the
spinning throughput) was introduced in [48,49]. A prediction of a final nanofiber diameter published
in [50] is based on the model published in [36]. However, the assumptions limit the model to relatively
low polymer—solvent concentrations (<12 wt.%). A determination of the final nanofiber diameter
considers solution flow rate, applied voltage, and polymer concentration.

Applicability of the electrospun nanofibrous mats (filters, membranes, etc.) is closely related to
their permeability. Hence, the passage of the particles through the mats can also be controlled by
molecular weight and concentration of a polymeric material used in the process of electrospinning.
The standard experiments providing mean nanofiber diameters and shear viscosity dependent on
molecular weights and used concentrations of polymeric material are time-consuming, with higher
financial costs and cover only discrete values of entry parameters.

This contribution aims to propose the relations mutually relating three entry parameters (PEO
molecular weight, PEO concentration, shear viscosity of PEO solution) and a resulting mean nanofiber
diameter. In contrast to the experiments, these relations cover continuously and sufficiently broad
regions of entry parameters creating the possibility of achieving a required mean nanofiber diameter.
The proposed relations are compared with the experiments (four various PEO molecular weights), and
the mean deviations are practically within the experimental errors.
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2. Materials and Methods

2.1. Materials

Four various poly (ethylene oxide) (Sigma Aldrich, Saint Louis, MO, USA) batches differing in
molecular weight (100, 300, 600, and 1000 kg/mol) were consecutively dissolved in distilled water at
different concentration ranges (introduced in Table 1) meeting successful spinnability (subjected to a
molecular weight) of the PEO solutions. The PEO solutions were prepared using a magnetic stirrer
(Heidolph MR Hei-Tec, Schwabach, Germany) with the help of a Teflon-coated magnetic cross applied
for 48 h under constant conditions (mixing rate 250 rpm and temperature 25 °C).

Table 1. A list of prepared poly(ethylene oxide) (PEO) solutions.

Molecular Weight (kg/mol) Concentration (wt.%)
100 12,15, 20, 22, 24, 28, 30, 34
300 5,7,8,9,10,11,12,13,15,17
600 3,554,6,7,8,9
1000 3,3.3,3.75,4,5,6

2.2. Rheological Characterization

Shear viscosity of the individual PEO solutions was determined at a constant temperature of 25
°C using a Physica MCR 501 device (Anton Paar, Graz, Austria) equipped with concentric cylinders
(26.6/28.9 mm-inner/outer diameters). Each measurement was repeated at least three times with very
good reproducibility.

2.3. The Electrospinning Process

Laboratory equipment consisting of a high voltage power supply (Spellman SL70PN150,
Hauppauge, NY, USA), a carbon steel stick (10 mm in diameter) with a hollowed semi-spherical
pit at the end for polymer filling, and equipped with a motionless flat metal collector (for details
see [51]) was used for an electrospinning process. The drop of polymer solution filling the pit contains
approximately 0.2 mL in volume, a tip-to-collector distance was fixed (20 cm) as well as nearly constant
ambient conditions (temperature 23 + 1 °C, relative humidity 41 + 1%). Good quality of electrospun
mats (elimination of appearance of web blobs) was ensured by a gradual voltage decrease from 25 kV
fixed for My, = 100 kg/mol to 12 kV fixed for M, = 1000 kg/mol.

2.4. Nanofibrous Mat Characterization

A high-resolution scanning electron microscope (SEM) Vega 3 (Tescan, Brno, Czech Republic)
was used for imaging of nanofibrous mats after their sputtering with a conductive layer to
improve conductivity.

3. Results and Discussion

Due to a non-negligible number of entry parameters, the process of electrospinning cannot be
simultaneously analyzed from all material, geometrical, and process aspects. It is always necessary
to fix a substantial majority of entry parameters and concentrate on a moderate number of selected
parameters. The impacts of the individual parameters are usually interlaced, and in the following
analysis, we will pay attention to a mutual interplay between PEO molecular weight, PEO concentration,
viscosity of a PEO solution in distilled water, and a mean diameter of the resulting nanofibers.

Specifically, the emphasis will focus on the derivation of two dependencies:

(1) A determination of functional relation between shear viscosity (1), PEO concentration (c), and
PEO molecular weight (M,);
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(2) A determination of functional relation between the diameter of nanofibers (dia), PEO
concentration (c), and PEO molecular weight (M,y).

From the viewpoint of easy and clear applicability of the proposed relations, they should exhibit
the following attributes:

(a) Usage of elementary algebraic functions only;

(b) Absence of adjustable parameters;

(c) Their validity should cover sufficiently broad regions of two entry material characteristics—PEO
molecular weight and PEO concentrations in distilled water (a range of concentrations shifts with
respect to successful electrospinability of PEO solutions dependent on My);

(d) The correctness of the approximate relations-deviations of their predictions from the
experimental data should potentially exceed the experimental errors only moderately.

The least accurate determination of a precise value out of the four studied parameters (My, ¢, 1,
din) is represented by the mean nanofiber diameter dia.

A mean nanofiber diameter derived from 300 measurements taken from three different images
was determined by applying the Adobe Creative Suite software (San Jose, CA, USA). Figure 1 displays
SEM images of PEO nanofibers created from various molecular weights at different concentrations.
The histograms attached to the individual molecular weights depict a variance of nanofiber diameters.
This is also documented in Table 2.

300 kg/mol 600 kg/mol 1 000 kg/mol

X L NNOM/DE )
' :s??eg‘,a

LAV A

A \
. Y /%%%, . .
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
Nanofibre diameter [nm] Nanofibre diameter [nm] Nanofibre diameter [nm] Nanofibre diameter [nm]

Figure 1. SEM pictures of nanofibrous mats for different poly(ethylene oxide) (PEO) solutions: M, =
100 kg/mol, ¢ = 24%; M, = 300 kg/mol, ¢ = 9%; My, = 600 kg/mol, ¢ = 5.4%; My, = 1,000 kg/mol, c =
3.75%. The corresponding histograms describe the variance of nanofiber diameters.

Table 2. Variance of the measured nanofiber diameters.

My (kg/mol) Dispersion of Nanofiber Diameters

100 ¢ (wt.%) 12 15 20 22 24 28 30 34
dia (nm) 113+34 147 £33 174+52 206+49 225+52 279+56 303+40 326+43

200 ¢ (Wt9%) 5 7 8 9 10 11 12 13 15 17
dia (nm)  132+26 210+46 237+44 288438 305+48 326+41 344+47 367+42 389+53 442+46

600 ¢ (wt%) 3 5 54 6 7 8 9
dia (nm)  141+30 267+42 291+44 310+44 331+43 389+28 430+46

1000 ¢ (wt.%) 3 3.3 3.75 4 5 6

dia (nm) 206 +35 265+29 291+38 308+49 391452 513+75

After analyzing and processing the experimental data obtained by consecutive electrospinning of
PEO solutions differing in PEO molecular weight (100, 300, 600, and 1000 kg/mol) and concentration
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(see Table 2), we can calculate the correlation coefficients for the experimental data sets (c, dia). Their
proximity to one (pure linearity behavior, see Table 3) indicates the possibility to approximate a mutual
dependence of the mean nanofiber diameter on the concentration by a simple linear relation. To unify
this approach, it is also necessary to express a general coefficient of linearity through the values of PEO
molecular weights, which results in a slight deviation from the optimized values for the individual
molecular weights.

PEO in distilled water

h

[=3

(=]
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I

b=

<
T

w

=

<
T
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200 M, (kg/mol)
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Figure 2. Dependence of mean nanofiber diameter (dia) on concentration (c) and molecular weight (My).

Table 3. Correlation coefficients between (c, dia) and (log(c), log(1)).

My, (kg/mol) Correlation Coefficient [-]
(c, dia) Figure 2 (log(c), log(n)) Figure 4
100 0.992 0.996
300 0.980 0.998
600 0.987 0.997
1000 0.992 0.942

Finally, we propose the following relation
dia = (ajMy + ap) X ¢ (1)

with a linear proportionality between the mean nanofiber diameter and concentration, and with a
linear dependence between the mean nanofiber diameter and molecular weight. The numerical values
of the constants are a; = 0.00008 and a, = 1.6. The correspondence between the experimental and
predicted data is depicted in Figure 2, with the mean deviation attaining 6.7%. Relation (1) complies
with the tendencies introduced in literature [52,53], i.e., an increase in the nanofiber diameter both
with increasing molecular weight and increasing concentration.

Dependence between shear viscosity, molecular weight, and concentration is a little more
complicated. If we apply an analogous approach to that above, we obtain the correlation coefficients
for the data sets (log(c), log(n)), again in close proximity to one (see Table 3). It justifies the proposal of
a linear relation between log(c) and log(n). Unifying both a slope and an intercept with respect to the
range of PEO molecular weights, a proposed relation is still algebraically simple.

log(n) = by X log(c) + [ba X (log(MW))2 + bz X log(Myw) + bal, )
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where by =4.71, b, = -0.82, b; =

12.

7,by = —48.8. As can be seen, Relation (2) is composed of two
separate members, the first one expressing a contribution of concentration only and the second one
(in brackets) representing the participation of molecular weight exclusively. Figure 3 documents
the courses of the proposed predicted curves attaining a mean deviation of 6.3% in the semi-log
coordinates (concentration-linear, shear viscosity-logarithmic), in fully linear coordinates, a mean
deviation attained 11.8%. In the log-log coordinates (Figure 4), there is a linear dependence of shear

viscosity on PEO concentration with the fixed slope attaining a value of 4.71.

22
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Figure 3. Dependence of shear viscosity (log(n)) on concentration (c) and molecular weight (M) in

semi-log coordinates.
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Figure 4. Dependence of shear viscosity (log(1)) on concentration (c) and molecular weight (M) in

log-log coordinates.

4. Conclusions

The introduced relationships propose a hint as to which way the geometrical arrangement of the
resulting electrospun nanofibrous mats can be modified. Based on the relatively simple functional
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Relation (1), it is possible to alter a mean nanofiber diameter by a suitable choice of PEO material
(choice of an adequate molecular weight) and setting a corresponding concentration. Relation (2)
characterizes the mutual interplay between three input parameters: molecular weight, concentration,
and shear viscosity. Both Relations (1) and (2) are valid for the processed material-PEO-solved in
distilled water. However, it can be expected that the analogous relations could also be derived for
other combinations of polymers and solvents.
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Abstract: Metal-organic frameworks (MOFs) have been of great interest for their outstanding
properties, such as large surface area, low density, tunable pore size and functionality, excellent
structural flexibility, and good chemical stability. A significant advancement in the preparation
of MOF thin films according to the needs of a variety of applications has been achieved in the
past decades. Yet there is still high demand in advancing the understanding of the processes to
realize more scalable, controllable, and greener synthesis. This review provides a summary of the
current progress on the manufacturing of MOF thin films, including the various thin-film deposition
processes, the approaches to modify the MOF structure and pore functionality, and the means to
prepare patterned MOF thin films. The suitability of different synthesis techniques under various
processing environments is analyzed. Finally, we discuss opportunities for future development in the
manufacturing of MOF thin films.

Keywords: metal-organic framework; thin film; fabrication; patterning

1. Introduction

Metal-organic frameworks (MOFs) are a class of inorganic—organic hybrid crystalline microporous
materials consisting of a highly ordered array of metal cations connected by multidentate organic
linkers. The regular and extended network built by metal ions (or clusters) and organic linkers
often forms a repeating cage-like structure, which grants MOFs an extensive internal surface area.
In contrast to other porous materials, MOFs also possess designable structures that can be engineered
with tailored pores for selective adsorption of specific gases [1]. Moreover, MOFs show outstanding
features as in structural flexibility, thermal and chemical stability, etc., which grant MOFs great
potential in numerous applications, such as gas storage and separation [2-5], liquid purification [6-9],
catalysis [10-13], gas/chemical sensing [14-18], and energy production [19-22]. Other than direct
applications, MOFs have also been used as precursors/templates for the production of inorganic
functional materials with unique designability [23]. According to the needs in various applications,
thousands of MOFs have been synthesized by now since being reported in the 1990s [1,24-26].
Nowadays, MOFs are available in various structures, such as nanocrystals (NCs) [27], nanospheres [28],
nanosheets [29], needles [30], hierarchical monoliths [31], thin films (TFs) [32], membranes [33],
and glasses [34-36]. Among these structures, MOF-TFs are drawing increasing attention due to their
tremendous potential in the development of nanotechnology-enabling applications, such as optics [37],
photonics [38], electronics [39], catalytic coatings [40], sensing [41-44], solar cell [45], battery [46],
and supercapacitor [44]. One thing to notice is that MOF-TFs cannot be differentiated from MOF
membranes by their chemical composition or by their selection of substrates. Concerning the definition
of a membrane [47], which should be a medium that allows transfer to occur under a certain driving
force, a TF [48] does not have such a restriction. The main difference between TFs and membranes

Processes 2020, 8, 377; doi:10.3390/pr8030377 57 www.mdpi.com/journal/processes



Processes 2020, 8, 377

lies in their functions, although there is reporting of freestanding MOF-TFs that can function as a
membrane due to its porosity [49].

A significant amount of research is devoted to the fabrication, characterization, and application
of MOF-TFs. MOEF-TFs deposited on substrates of various functions enable different applications.
For example, those on quartz crystal microbalance (QCM) substrates allow for the study of adsorption
within MOF layers [50-52], those on gold substrates realize surface plasmon resonance (SPR)
spectroscopy [53], and those on conducting electrodes open up a way for electrical and electrochemical
applications [54,55]. The selection of substrate is crucial in the fabrication of MOF-TFs, especially in
the deposition process based on hydro/solvothermal mother solution synthesis that requires good
heterogeneous nucleation and growth of MOFs. To date, the fabrication of MOF-TFs has been
realized on various substrates, such as nonplanar substrates [56], planar substrates [57], flexible
substrates [42,58], and substrates terminated with different functional groups on the surface [59,60].
In spite of these extensive studies, engineering MOF-TFs with a controllable thickness and structure
and precise chemical composition has always been a challenge. Commercialization involving scale-up
production with an effective cost is an additional challenge [61]. As a result, investigation regarding
novel synthesis approaches for the manufacturing of MOF-TFs continues.

Since there are many excellent reviews [33,62-66] focusing on the fabrication of MOF membranes,
including the concept of mixed matrix membranes [67,68], this review covers current progress on the
manufacturing of MOF-TFs. It summarizes and analyzes various fabrication processes for MOF-TFs,
approaches for the modification of architectures and pore functionality in MOF-TFs, means for the
preparation of patterned MOF-TFs, and application of different synthesis strategies under various
processing environments. This review aims to advance the understanding of the processing of
MOFEF-TFs to realize a more controllable, scalable, and eco-friendly synthesis. Concerning these
objectives, some prospects on future opportunities for the development of the manufacturing of
MOFEF-TFs are discussed at the end.

2. General Fabrication Techniques for MOF-TFs

Several excellent reviews focusing on MOFs, including MOF-TFs, have been published [37,69-77].
These papers review existing and potential applications, as well as the synthesis methods of MOF-TFs.
However, regarding the fabrication techniques, these reviews focus on more commonly used approaches,
such as hydro/solvothermal synthesis, the stepwise layer-by-layer (LBL) deposition method, and the
electrochemical method. Considering the extensive discussion about the diverse synthesis of MOFs
in other structures, such as nanoparticles (NPs) [78], composite structures [79], and membranes [33],
here we focus on the fabrication of MOF-TFs, giving a comprehensive review on various synthesis
strategies that are reported for MOF-TFs (including patterns) and offering a direction for future
development for the green fabrication of MOF-TFs.

Classification of Fabrication Techniques

The classification of fabrication techniques in this review is according to the phase of the precursors
in the synthesis reaction, such as liquid, solid, vapor, and gel. In the section of general fabrication
techniques for MOF-TFs, we will focus the discussion on the processes using two precursors, one of
which is the metal precursor and the other the organic precursor. The studies that require more than
one metal or organic species will be discussed in the section of modification of MOF-TFs, with an
emphasis on the manufacturing of TF structure/composition with modified functionality.

The discussion on general fabrication techniques will be grouped into three sections, including
liquid-liquid synthesis methods, liquid-solid synthesis methods, and all other types of synthesis
methods (i.e., solid—solid synthesis methods, vapor—solid synthesis methods, vapor-gel synthesis
methods, and the post-assembly method).
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3. General Liquid-Liquid Synthesis

Most syntheses of MOF-TFs are carried out via liquid-phase reaction, where both the metal and
the organic precursors are dissolved in a solvent before the reaction. Typically, the dissolved precursors
are either well mixed to prepare a solution mixture as the mother solution before the addition of
substrates (such as in a direct solvothermal synthesis) or used separately in contact with the substrates
in a sequential manner (such as in a stepwise LBL deposition). The high concentration of ionized
reactants (i.e., the metal cations and the deprotonated organic linkers) in the solution leads typically
to a homogeneous reaction in the solvent phase and simultaneously a heterogeneous reaction at the
substrate surface [80]. There is competition between these two reactions, where the homogeneous
reaction results in the formation of MOF crystals in the solvent while the heterogeneous reaction brings
about the formation of MOF-TFs on the substrate surface. Therefore, promoting the heterogeneous
reaction and suppressing the homogeneous reaction is a promising solution to realize the green and
economical synthesis of high-quality MOF-TFs with good uniformity and continuity.

3.1. Direct Synthesis

Although numerous fabrication techniques have been developed for MOF-TFs, a one-pot
hydro/solvothermal batch synthesis strategy is still the primary way and serves as the foundation
for the development of many other synthesis strategies. Hydrothermal synthesis refers to those that
happen in an aqueous solution above the boiling point of water while solvothermal synthesis is in a
non-aqueous solution at relatively high temperatures [81]. Both types of synthesis often proceed in a
sealed reactor, such as an autoclave, and a pressure vessel. In a typical hydro/solvothermal synthesis,
the substrate is placed in a mixture of precursor solutions for MOFs and is subjected to a reaction at a
high temperature. This one-pot hydro/solvothermal synthesis strategy for MOF-TFs can be categorized
into two subcategories, i.e., the direct growth on unmodified substrates, and the secondary growth
that involves the preparation of functional substrate surfaces. The main issues in the direct synthesis
are the lack of control in preparing a homogeneous TF and possible substrate corrosion.

Based on the concept of direct synthesis, Cui et al. [82] realized the fabrication of MOF-TFs on
rough surfaces via an in situ hydrothermal synthesis strategy. Stainless steel wires were used as the
substrates, which were etched by hydrofluoric acid before the reaction since a rough surface can
improve the retention of particles and thereby promotes the heterogeneous nucleation and growth
of MOFs. After 8 h of reaction at 120 °C, complete coverage of HKUST-1 (Cuz(BTC),(H,0)3, where
BTC = 1,3,5-benzenetricarboxylate; also known as MOF-199) TF with a thickness of about 40 um
was obtained on an etched SSW (Figure 1A). The resulting HKUST-1-coated SSWs were tested for
solid-phase microextraction for volatile and harmful benzene homologues, acquiring a low limit
of detection that was 8.3-23.3 ng/L. Later, Sheberla et al. [83] reported the fabrication of MOF-TFs
on smooth surfaces via an in situ solvothermal synthesis strategy. Nisz(HITP), MOEF-TFs, where
HITP = 2,3,6,7,10,11-hexaiminotriphenylene, were fabricated directly on quartz substrates under the
reaction conditions in this study and a microporous structure and ultrahigh electrical conductivity
was obtained that was of interest in electronic devices. The conductivity of the resulting Niz(HITP),
MOFE-TFs reached 40 S/cm, which stood for the best records for MOFs and coordination polymers
at the time. Campbell et al. [84] achieved continuous and dense Mg-MOF-74 (Mg, DOBDC, where
DOBDC = 2,5-dihydroxyterephthalate) TFs directly on porous alumina (Al,O3) substrates via an
in situ solvothermal synthesis strategy (Figure 1B). In this report, the process was optimized by
tuning the reaction conditions (i.e., reaction time, the dose of precursors, and the composition of
solvents) that could influence the TF formation process and resulting thickness and morphology.
A proper solvent composition of N,N-dimethylformamide (DMF):water:ethanol was reported, 16:2:2,
in order to obtain well-intergrown Mg-MOEF-74 TFs. In this study, it was noticed that, by fixing all
the other reaction parameters, the film thickness increased from 1.6 to 1.8 um when increasing the
reaction time from 2.5 to 6 h. The results corresponded to a decreased growth rate that was from
10.67 to 5.00 nm/minute when increasing the reaction time, which implies a common disadvantage
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for solvothermal synthesis. Many types of MOF-TFs, such as MOF-5 (ZnyO(BDC)3, where BDC
= 1,4-benzodicarboxylate; as known as IRMOEF-1) [85], PCN-221 (Zrg(114-O)s(OH)g(TCPP)3, where
TCPP = tetrakis(4-carboxylatephenyl)porphyrin), PCN-222 (Zr4(u3-OH)s(OH)g(TCPP);), and PCN-223
(Zr(p3-O)a(p3-OH)4(TCPP)3) [86], can be achieved via direct synthesis.

Bare anodic alumina | Amorphous carbon-
(1.Y:10)] coated AAO
v 1P

Patterned ki NN Multilayer MOF
amorphous & ~tl /silicalite-1 on
carbon-coated i 4l gold-coated AAO
AAO E [

Electron-Phonon
Scattering

Figure 1. (A) SEM images of HKUST-1-coated stainless steel wire at different magnifications.
(Reproduced with permission from Cui et al., Analytical Chemistry; published by American Chemical
Society, 2009.) (B) SEM images of the surface and the cross-section of Mg-MOEF-74 thin films formed
using different precursor solutions. (Reproduced with permission from Campbell et al., Microporous
and Mesoporous Materials; published by Elsevier BV, 2017.) (C) Schematic of the microwave-induced
solvothermal synthesis, and SEM images of MOF-5 grown on different substrates after 30 s of the
microwave-induced solvothermal reaction. (Reproduced with permission from Yoo et al., Chemical
Communications; published by Royal Society of Chemistry, 2008.)

Different from the traditional direct synthesis based on the one-pot hydro/solvothermal synthesis,
microwave irradiation was introduced into the reaction scheme by expediting the reaction of MOF-TFs
because crystal growth is generally faster under microwave irradiation. With this consideration,
Yoo and Jeong [56] reported a rapid synthesis of MOF-5 TFs on various surfaces that was finished
in 5-30 s under microwave irradiation with a power of 500 W (Figure 1C). Uncoated, amorphous
carbon-coated, graphite-coated, and gold-coated Al,O3 supports were investigated as substrates.
The results illustrated an advantage of substrate surface modification in the fabrication of MOF-TFs
(including patterns) that we will discuss in the secondary growth section. Furthermore, Bux et al. [87]
reported that the microwave-assisted fabrication of MOF-TFs does not necessarily require a chemically
modified substrate surface, nor an atomically smooth surface with electrostatic compatibility. In this
study, dense and continuous ZIF-8 (Zn(2-mIm),, where 2-mIm = 2-methylimidazole) TFs were acquired
directly on porous titanium oxide substrates via a microwave-assisted solvothermal synthesis after
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4 h of reaction at 100 °C. This type of synthesis strategy has also succeeded in the fabrication of other
types of MOF-TFs on various substrates [88], demonstrating a great potential of microwave irradiation
in the development of rapid synthesis strategies.

3.2. Secondary Growth

Although traditional hydro/solvothermal synthesis in the fabrication of MOF-TFs has been
successful, it is still challenging to fabricate continuous MOF-TFs on unmodified substrates because the
heterogeneous nucleation of MOF crystals on substrate surfaces is commonly inefficient [89]. Moreover,
it is difficult for MOF crystals that have formed in solution to adhere to substrate surfaces due to
the lack of binding sites. One of the main strategies to improve the heterogeneous nucleation and
growth of MOF-TFs is through substrate surface modification [90]. This type of synthesis strategy
is classified as secondary growth, which commonly involves the functionalization of the substrate
by adding a functional layer on the surface before the synthesis. Other than traditional one-pot
hydro/solvothermal synthesis, the secondary growth is often conducted with other synthesis strategies
to achieve controllable formation of MOF-TFs [91].

Under the concept of secondary growth, functional group-terminated surfaces have been widely
studied to improve the heterogeneous nucleation of MOF-TFs [92], as they can help to anchor the
metal/metal-oxo nodes and/or organic linkers on substrate surfaces. Many kinds of functional layers
are used for substrate surface modification, which can be grouped into two categories, including
the organic functional layers, such as self-assembled monolayers (SAMs) and polymers, and the
inorganic-involving functional layers, such as MOF NCs and metal oxide NPs.

SAMs are a class of organic functional layers used extensively in the fabrication of MOF-TFs.
Commonly, SAMs consist of organothiol-based chains prepared on solid surfaces [93] to coordinate
with MOF precursors. By changing the type of functional group on organothiol-based chains or the
density, the growth orientation of MOF-TFs can be systematically controlled [94], contributing to the
fabrication of highly oriented MOF-TFs. Hermes et al. [59] achieved the patterning of MOF-5 TFs based
on patterned COOH-/CF3-terminated SAMs prepared by microcontact printing (CP) on gold surfaces.
In this study, a mixture of Zn(NOj3); and terephthalic acid was prepared in pure dimethylformamide at
75 °C as the mother solution for MOF-5. After mixing for 72 h, the solution was heated to 105 °C and
rapidly cooled down to 25 °C to allow the crystallization of MOF-5. A clear supersaturated reaction
mixture was obtained by filtration. Then, the uCP-patterned SAMs of 16-mercaptohexadecanoic acid
(MHDA) and 1H,1H,2H,2H-perfluorododecane thiol (PFDT) on Au(111) were immersed in the reaction
mixture, resulting in the selective deposition of MOF-5 on patterned areas. Biemmi et al. [94] reported
a study on the influence of the type of SAMs on the orientation of the resulting MOF-TFs (Figure 2A).
Based on the different coordination of -OH and -COOH groups, the resulting HKUST-1 TFs showed
preferred [111] and [100] growth directions on the gold surfaces, respectively. A controlled orientation
is beneficial in MOFs because it influences the pore system in MOF-TFs, which could open the way
for more advanced applications based on improved adsorption [94]. Liu et al. [95] discovered that
even by the same functional group-terminated SAMs, the orientation of the resulting HKUST-1 TFs
could be different by varying the density of the functional groups. Zacher et al. [96] achieved highly
oriented HKUST-1 TFs on bare Al,O3 surfaces and SAMs prepared on silicon dioxide (5iO,) surfaces
(Figure 2B). In the study, it was observed that there was no crystal nucleation on the bare SiO, surface
based on oxidized Si wafer while densely packed polycrystalline agglomerated HKUST-1 microcrystals
formed on sapphire (Al,O3) and atomic layer deposition (ALD)-Al,O3 surfaces. It was stated that
because of electrostatic effct the nucleation of HKUST-1 preferred the basic surface of Al,O3 rather
than the acidic surface of SiO,. Therefore, the alkaline environment in the reaction system would be
another key aspect to consider during experiment design depending on the type of MOFs. Other
than MOF-5 and HKUST-1 TFs, different kinds of MOF-TFs are achieved by similar methods, such as
Fe-MIL-88B-NH, (Fe3O(BDC-NH;)3Cl, where BDC-NH; = 2-amino-1,4-benzenedicarboxylate) and its
isomer Fe-MIL-101-NH, [60], and CAU-1 (Al4(OH),(OCH3)4(BDC-NH>)3) [97].
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Figure 2. (A) Schematic illustrations of the oriented growth of HKUST-1 nanocrystals controlled
via SAMs. (a) XRD patterns of HKUST-1 TFs on functionalized gold surfaces, compared with a
randomly oriented HKUST-1 bulk sample measurement, and SEM images of HKUST-1 crystals on
OH-terminated SAMs after immersion in the mother solution for (b) 16, (c) 24, and (d) 45 h. All scale
bars, 1 um. (Reproduced with permission from Biemmi et al., Journal of the American Chemical
Society; published by American Chemical Society, 2007.) (B) SEM images of HKUST-1 TFs on different
surfaces, a single pyramidal crystal grown on c-plane sapphire, and a single octahedral crystal grown
on COOH-terminated Si/SiO,. Optical images of HKUST-1 TFs on (a) a “positive” CF3/COOH and (b)
a “negative” COOH/CF; patterned SAM surface. (Reproduced with permission from Zacher et al.,
Journal of Materials Chemistry; published by Royal Society of Chemistry, 2007.) (C) Illustration of the
substrate modification process. (a,c) Top-view and (b,d) cross-section SEM of a well-intergrown and a
continuous but poorly intergrown ZIF-8 TF, respectively. (Reproduced with permission from McCarthy
et al., Langmuir; published by American Chemical Society, 2010.) (D) SEM images of (a) an original
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polypropylene (PP) fibrous membrane and (b) a polydopamine (PDA)-coated PP membrane; all
scale bars, 3 um. SEM images of (¢) HKUST-1-, (d) MOF-5-, (e) MIL-100(Fe)-, and (f) ZIF-8-coated
PDA-modified PP membranes (all scale bars, 2 pm), and the corresponding HKUST-1, MOF-5,
MIL-100(Fe), and ZIF-8 nanotubes after the removal of the underlying PP fibers (all scale bars, 1 um).
Inserted are the corresponding optical photos of samples. (Reproduced with permission from Zhou et
al., Chemical Communications; published by Royal Society of Chemistry, 2015.)

Similar to SAM-assisted synthesis, there is one type of surface modification based on the organic
linkers of the desired MOF. McCarthy et al. [98] demonstrated the effectiveness of functionalizing
a-AlyO3 substrates with organic compounds, which was benzimidazole (bIm) for ZIF-7 and 2-mIm
for ZIF-8, via a rapid evaporation process (Figure 2C). This simple surface modification procedure
provided strong covalent bonds between the «-Al,O3 substrates and the imidazolate linkers, which
is effective in promoting the heterogeneous nucleation and growth of MOF-TFs. Take the synthesis
of well-intergrown ZIF-8 in this study, for example. For substrate preparation, polished x-Al,O3
substrates were dried in a convection oven at 200 °C for 2 h. Then, 0.5-1 mL if methanolic solution of
2-mIm was dropped on a 2.2-cm? substrate. After it was dried, the substrate was removed from the
oven and sonicated in methanol for about 30 s. A thoroughly-modified substrate was prepared by
repeating this process about six times. The formation of ZIF-8 films on the modified substrate was
finished via traditional solvothermal treatment in the ZIF-8 mother solution. After 4 h of reaction at
120 °C, well-intergrown ZIF-8 film was obtained on the porous x-Al,O3 substrate, which showed high
selectivities of 11.6 and 13 for Hp/N, and H/CHy, respectively.

Polymers can serve as nucleation centers for MOFs as well. Zhou et al. [99] investigated the
fabrication of different MOF-TFs based on polydopamine (PDA)-coated substrates. HKUST-1, MOE-5,
MIL-100(Fe) (Fe3O(H0),OH(BTC),), and ZIF-8 TFs were successfully deposited on PDA-modified
substrates in an LBL deposition manner (Figure 2D). In this study, PDA functioned as an effective
nucleation center on the fibers for MOFs because the catechol group on PDA has a strong coordination
ability with metal cations. Hence, the heterogeneous nucleation and growth of MOF-TFs were
improved through the coordination of the metal cations and the catechol group. Compared to uncoated
polypropylene (PP) fibrous membrane, the MOF-modified PP showed excellent adsorption in terms
of efficient removal of rhodamine B from water. Complete removal of rhodamine B based on an
MIL-100-PP membrane was achieved in 3 h at 40 °C, while there was barely any removal based on a
bare PP membrane under the same testing conditions.

Inorganic seed-assisted secondary growth relies on preformed nano-sized metal-based seeds
to assist the nucleation of MOF-TFs. One type of inorganic-involving seed is preformed MOF NCs.
Bux et al. [100] fabricated a highly oriented ZIF-8 film via seed-assisted secondary growth. ZIF-8 NCs
were prepared on a porous x-Al,Oj3 substrate via the hydrogen bonds formed with polyethyleneimine,
which worked as the coupling agent between the ZIF-8 seeds and Al,Os surface. The ZIF-8-seeded
substrate was obtained after it was immersed in seeding solution using an automatic dip-coating
device with defined dipping and withdrawing speeds, followed by traditional solvothermal synthesis
to achieve continuous and well-intergrown ZIF-8 TF. XRD analysis of the resulting film showed a
preferred orientation at the [100] direction parallel to the support that was explained by an evolutionary
growth process. The resulting mesoporous and microporous structure showed excellent performance
in Hp/C3Hg separation, with a separation factor above 300. Papporello et al. [101] demonstrated the
fabrication of ZIF-8 TFs on copper-based substrates, in which the commercially available ZIF-8 NCs
were attached to copper foils as seeds via a manual rubbing manner (Figure 3A). It was observed
that when using methanol as the precursor solvent, the presence of acetate would promote the
precursor-substrate interactions, resulting in the formation of continuous, uniform, and adherent ZIF-8
TFs on copper foils. The resulting ZIF-8 TFs showed two orientations at the [110] and [211] directions
and exhibited excellent mechanical and thermal stabilities. Sun et al. [102] fabricated high-quality
MOFEF-TFs on a-Al,O3 ceramic tubes via a seed-assisted secondary growth strategy, in which the seeds
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were prepared via a solvent-vaporization driving force (Figure 3B). The ZIF-8 seeds were ready on
the ceramic tube by pouring a stable precursor solution mixture of ZIF-8 into them and then sealing
them inside the tube with a rubber stopper. The seeds then underwent heating at 55 °C for 4 h to
react, at 55 °C for 1 h for drying, and at 25 °C for 12 h for washing. Then, the seeded ceramic tube was
subjected to traditional solvothermal synthesis at 110 °C for 24 h to achieve a continuous ZIF-8 TF in
the inner skin of the tube, which could be of interest for gas separation.
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Processes 2020, 8, 377

protocols. All scale bars, 10 um. (Reproduced with permission from Papporello et al., Microporous
and Mesoporous Materials; published by Elsevier BV, 2015.) (B) Preparation schematic of the
counter-diffusion method for plugging pore and the secondary growth method for ZIF-8 film on
the inner surface of a ceramic tube. (Reproduced with permission from Sun et al., RSC Advances;
published by Royal Society of Chemistry, 2014.) (C) Schematic of the templated methodology of
MOE-TF fabrication on ZnO NWs, and SEM images of (a) IRMOEF-1, (b) IRMOEF-3, (c) IRMOF-8, and (d)
IRMOF-9 films grown on ZnO NWs, respectively, and the IRMOF-1 film by (e) traditional solvothermal
synthesis and (f) microwave-assisted synthesis. (Reproduced with permission from Abdollahian et al.,
Crystal Growth & Design; published by American Chemical Society, 2014.) (D) Schematic of the LBL
synthesis route. (a) Optical images of ALD-Al,O3-coated PP fibers with different LBL HKUST-1 TFs,
and SEM images of an HKUST-1 TFs on (b) untreated and (c) ALD-Al,O3-coated PP fibers. (d) The
thickness of the MOF-TFs on ALD-Al,O3-coated PP fibers measured from cross-section TEM images.
(Reproduced with permission from Zhao et al., Journal of Materials Chemistry A; published by Royal
Society of Chemistry, 2015.)

Another type of inorganic seeds is based on metal oxide nanostructures, such as NPs and
nanowires (NWs). Abdollahian et al. [103] reported the fabrication of different IRMOF-TFs on ZnO
NW-functionalized indium tin oxide (ITO) glass substrates, including glass, indium tin oxide (ITO)
glass, and Si wafer (Figure 3C). ZnO NWs were grown on the substrate via a traditional solvothermal
synthesis before immersion in each IRMOF precursor solution. The resulting IRMOF-TFs obtained high
crystallinity after 20-24 h of secondary growth, showing a preferred out-of-plane orientation depending
on the type of IRMOFs and acquiring pm-level thickness. All the IRMOE-TFs displayed an average
thickness that was about 25 um and exhibited similar morphology. In this study, the microwave-assisted
synthesis showed its advantage in shortening the reaction time to 10 min for IRMOEF-1 TF, which
achieved about 1 um in thickness. However, it was observed that the film morphology and crystallinity
may be compromised by the rapid crystallization process as shown in the SEM images in Figure 3C,E,F.
Furthermore, it was discovered that the metal oxide-based seeding layer does not necessarily contain
the same metal species as that in the desired MOF-TFs. Zhao et al. [104] prepared Al,O3 seeding
layers on polymer fibers via an ALD process to assist the nucleation and growth of copper-based
HKUST-1 TFs (Figure 3D). Uniform HKUST-1 TFs were achieved on ALD-Al,O3-coated PP fibers
via the LBL deposition strategy, by dipping the fibers in precursor solutions and solvent sequentially.
A thorough rinsing by the solvent was necessary after each dipping in metal and organic precursors,
respectively, to ensure complete removal of the unreacted precursors and unattached nuclei. Based on
an HKUST-1 TF prepared by 40 LBL cycles in this study, the N, adsorption BET surface area could
reach 535 mz/gMOF (93.6 mz/gMOFJ,ﬁber), and high dynamic loadings for NH3 (1.37 molnpi3/kgMOF-+fiber)
and H>S (1.49 molpos/kgmoF-+fiber)-

3.3. Layer-by-Layer Deposition

Although the traditional hydro/solvothermal synthesis is a classic synthesis strategy to obtain
MOF-TFs, many obstacles remain in its development, such as the difficulty in controlling the fabrication
process that may result in uncontrollable film thickness and discontinuous film formation, and the
high cost from large reactant consumption and waste production that limits its application [81]. There
are many existing synthetic strategies to address these challenges; the LBL deposition strategy shows
excellent control in film thickness [105,106] and surface roughness [104].

In contrast to the traditional one-pot hydro/solvothermal synthesis, the solutions for metal and
organic precursors are held separately in LBL deposition of MOF-TFs, and the substrate is placed in each
precursor solution sequentially, leading the fabrication of MOF-TFs by depositing alternating layers of
oppositely charged precursor species (i.e., the metal cations and the deprotonated organic linkers).
The detailed synthesis conditions for different types of MOF-TFs may vary. The LBL deposition strategy
is favorable for the fabrication of oriented and well-defined MOF-TFs, in particular for surface-mounted
metal-organic frameworks (SURMOFs) [107]. Wang and Woll [108] published an excellent review in
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2019 about the fabrication methods of SURMOFs via programmed LBL assembly techniques, depicting
the broad application of the LBL deposition strategy in the preparation of MOF-TFs.

Shekhah et al. [107] established a stepwise LBL deposition route for the fabrication of MOF-TFs
(Figure 4A). Gold substrate was functionalized by MHDA, resulting in a COOH-terminated surface
for the secondary growth of HKUST-1 TFs. The modified substrates were immersed in 1 mmol/L
ethanolic solution of Cu(CH3COO), for 30 min, and 1 h in 1 mmol/L ethanolic solution of 1,3,5-
benzenetricarboxylic acid, with a rinse between each immersion. Highly oriented HKUST-1 TFs
showing the [100] growth direction were deposited on COOH-terminated SAMs on gold substrates.
Shekhah et al. [109] also implemented LBL deposition in the fabrication of MOF-TFs on porous
substrates. Crystalline and homogeneous HKUST-1 and ZIF-8 TFs were achieved on a confined surface
of mesoporous SiO; foams, showing the potential of the LBL deposition strategy in controlling and
directing the fabrication of MOF-TFs. Yao et al. [110] developed a spray-LBL deposition strategy to
fabricate MOF-TFs (Figure 4B). The metal and organic precursor solutions for Cuz(HHTP),, where
HHTP = 2,3,6,7,10,11-hexahydroxytriphenylene, were sprayed on the substrate surface alternately
to obtain the Cuz(HHTP), MOF-TFs. Like the traditional LBL strategy, the number of deposition
layers can be facilely controlled by the spraying times. A good control over the film thickness was
achieved, with a thickness increment of about 2 nm per spraying cycle. The performance in NHj
room-temperature sensing was tested based on a 20-nm thick Cuz(HHTP), TF, which reached a limit of
detection that was 100 ppm. Other than planar substrates, uniform MOEF-TFs can also be fabricated on
different types of substrates via the LBL deposition strategy [104], which also presents excellent control
over the film thickness. As mentioned in the section of secondary growth, MOF-TFs designed on QCM
substrates often rely on functional SAMs to assist fabrication via the LBL deposition strategy as it offers
a simple fabrication process and high growth rates and realizes uniform and oriented MOF-TFs with
controllable thicknesses and chemical compositions [107,111-113]. Stavila et al. [114] systematically
studied the formation process of HKUST-1 TFs on QCM electrodes assisted by the LBL liquid-phase
epitaxy (LPE) (Figure 4C). Wannapaiboon et al. [51] developed a direct fabrication strategy of MOF-TFs,
with the hierarchical structure on the surface of QCM sensors, via an LBL-LPE process, which allows
the adsorption performances of the heterostructures to probe in real time. Other than planar substrates,
the fabrication of uniform and continuous MOF-TFs can also be made on arched surfaces, such as
optical fibers [42], via the LBL deposition manner.

Overall, the LBL deposition strategy can realize the fabrication of many types of MOF-TFs and
enable precise control of the amount and location/distribution of functionalities for tailored properties,
presenting a huge potential to extend the already considerable flexibility of MOFs. This synthesis
strategy also provides a pathway to better understand the heterogeneous nucleation and growth of
MOE-TFs [57], offers good control of the film thickness, gives rise to highly oriented and uniform TFs,
and enables the fabrication of more complex MOF heterostructures [115-117]. However, this type of
synthesis strategy is limited to the fabrication of specific types of MOF-TFs and is only available on
solid supports [118], which restricts its application.
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Figure 4. (A) Schematic of the step-by-step growth of HKUST-1 TF on a COOH-terminated SAM,
and (a) the corresponding SPR signal as a function of time recorded in situ during sequential
injections of Cu(OAc),, ethanol, and 1,3,5-benzenetricarboxylic acid. (b) XRD data of an HKUST-1 TF
(40 cycles) grown on COOH-terminated SAM, inserted the in-plane data. (c¢) SEM image of HKUST-1
(40 cycles) grown on an SAM laterally patterned by uCP consisting of COOH-terminated squares and
CH3-terminated stripes. (Reproduced with permission from Shekhah et al., Journal of the American
Chemical Society; published by American Chemical Society, 2007.) (B) A schematic diagram to illustrate
the preparation of Cuz(HHTP), TF via spraying. (a) SEM and (b) AFM images of a Cuz(HHTP), TE,
and the corresponding film thickness and surface roughness. (Reproduced with permission from Yao
et al.,, Angewandte Chemie International Edition; published by Wiley-VCH, 2017.) (C) Schematic of
the proposed model for HKUST-1 nucleation and growth on oxide surfaces (Cu-green, O-red, C-gray).
(a) SEM and (b) AFM images of HKUST-1 TFs (40 cycles) on different substrate surfaces. (Reproduced
with permission from Stavila et al., Chemical Science; published by Royal Society of Chemistry, 2012.)

3.4. Dip-Coating Deposition

Dip coating (DC) is a simple, low-cost, and reproducible method for fabricating TFs and is
extensively used in industries. This method is also applicable in the fabrication of MOF-TFs based
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on a colloidal suspension of MOFs NCs [119,120]. In this synthesis strategy, the metal and organic
precursor solutions are well mixed to form a uniform colloidal suspension, in which a substrate is put
in place to obtain an MOF-TF. Subjected to the continuous growth of MOF crystals in the suspension,
the precursor solution mixture needs to be replaced after a certain time to ensure a high enough
concentration of reactants for film growth. The reaction time for different MOFs varies depending on
the reaction conditions. The DC technique can also be implemented in an LBL deposition manner,
where the thickness of MOF-TFs can be controlled by modifying the immersing time, the number of
dipping cycles, and the withdrawing speed [121].

Horcajada et al. [122] developed a colloidal route for the fabrication of MOF-TFs on Si wafers via
DC deposition. In the fabrication of MIL-89 (Fe3O(CH30H)3[O,C-(CH)4-CO,]3CI(CH30H)s) MOF-TFs,
a colloidal solution iron(III) acetate and muconic acid in ethanol was prepared first by heating up the
mixture solution at 60 °C for 10 min to promote the formation of colloidal particles. Each deposition
cycle contained 2 min for immersion before the withdrawal with a speed of 4 mm/s at 15% relative
humidity. After each cycle, the TF was washed with ethanol and dried either at room temperature or
at 130 °C in air for 5 min. Flexible and uniform MIL-89 MOF-TFs were obtained (Figure 5A) under a
consistent growth rate of 40 nm/coating. Then, Lu and Hupp [123] implemented DC deposition in the
fabrication of ZIF-8 TFs. Highly oriented and continuous ZIF-8 TFs were achieved directly on glass
slides and Si wafers (Figure 5B). The controllable synthesis showed a linear growth rate of ZIF-8 TFs of
100 nm/coating (30 min/cycle) and presented a thickness-dependent color-changing property that was
interesting in optics. The DC deposition strategy is used extensively to fabricate various MOF-TFs that
are of interest in electronics and optics [16,43,121-124].
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Figure 5. (A) AFM image of a MIL-89(gel) TF via the DC method. (Reproduced with permission from
Horcajada et al., Advanced Materials; published by Wiley-VCH, 2009.) (B) SEM images of ZIF-8 films
grown on Si substrates with different cycles of dip coating, inserted is the photograph of a series of
ZIF-8 films of various thicknesses grown on Si substrates. (Reproduced with permission from Lu et al.,
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Journal of the American Chemical Society; published by American Chemical Society, 2010.) (C) Schematic
for the fabrication of MOF-TFs using the LPE approach adapted to the SC method. (a) Top-view and
cross-section SEM images of HKUST-1 TFs with different deposition cycles. (b) Height profile of the
HKUST-1 TF from different deposition cycles. (¢) SEM image of HKUST-1 TF grown by 20 cycles on a
SAM laterally patterned by puCP consisting of COOH-terminated squares and CHjs-terminated stripes.
(Reproduced with permission from Chernikova et al., ACS applied materials & interfaces; published by
American Chemical Society, 2016.)

3.5. Spin-Coating Deposition

Spin coating (SC) is a commonly used method to apply a uniform TF onto a flat solid substrate,
which is also applicable for the fabrication of MOF-TFs. In a typical process of making MOF-TFs via
the SC method, different precursor solutions for MOFs are dropped on the center of a flat substrate on a
spinning object, which is set to a certain spinning speed and time, and the volume/concentration of the
solutions are controlled to achieve a uniform distribution of precursor on the substrate surface [121].

Chernikova et al. [125] proposed an LBL assembly strategy via an SC process, which realized
the fabrication of smooth MOF-TFs in a relatively short time (Figure 5C). In this fabrication process,
a spin coater was equipped with four micro-syringes containing the precursor solutions and solvents
separately. First, the metal precursor solution was applied to the spinning substrate by one syringe.
After it was uniformly distributed, the solvent was applied using another syringe to rinse the substrate
surface. These two steps were repeated to achieve the coating of the organic precursor solution.
The spinning time was 5 s for each solution and 8-10 s for each solvent depending on the type of MOFs.
For each step, only 50 uL of liquid was used. The four steps finished one cycle of SC deposition. One
can increase the thickness of MOF-TFs through multiple cycles. Different MOF-TFs, such as HKUST-1,
ZIF-8, Cuy(BDC);, and Zny(BDC),, were achieved via SC deposition. In this study, a Cuy(BDC), TF
obtained a thickness of about 140 nm for 10 cycles. Moreover, it was found that the time needed to
finish 100 cycles was only 50 min, which was significantly shorter in comparison to the 25 h needed in
the conventional LBL deposition process. This strategy is extendable to the fabrication of other MOF
structures, such as hybrid MMMs [126].

The SC technique can achieve MOF-TFs in a short time with low reactant consumption, and the
resulting MOF-TFs can be dense and uniform, with thicknesses that can range from the micron to
nano-scale [125]. However, it is appreciable that this method could cause crystal defects, and results in
structural defects in MOF-TFs [121].

3.6. Interfacial Synthesis

The interface synthesis of MOF-TFs can be realized at the interface between two immiscible media,
such as oil and water or air and water, which could result in the formation of freestanding MOF-TFs.

The interfacial synthesis could occur at a liquid-liquid interface, where the metal and organic
precursors are dissolved in two immiscible solvents separately. Ameloot et al. [80] reported the first
demonstration of liquid-liquid interfacial synthesis for MOF-TFs. The coordination of Cu* cations
and BTC? linkers happened at the interface of an aqueous solution containing the metal precursor and
an organic solution containing the organic precursor, thus resulting in a freestanding and uniform
HKUST-1 TF at the interface. Other types of MOF-TFs, such as ZIF-8 TFs [127], can also be obtained
through this type of synthesis strategy.

Other than the synthesis at the interface of two immiscible liquids, there is an air-liquid interfacial
synthesis for MOF-TFs. Li et al. [128] developed a fabrication strategy of MOF-TFs, patterns, and
layered structures (including hybrid layers) via a templated air-liquid interfacial synthesis strategy
(Figure 6). The resulting ZIF-8 TFs obtained hierarchical structures through close-packed arrays
of colloidal spheres floating at the air-solution interface, which demonstrated different physical
properties from unstructured TFs. The obtained 2D-ordered macroporous (2DOM) ZIF-8 TF-loaded
polyvinylidene fluoride (PVDF) membrane showed a much improved experimental separation factor,
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3.33, for methyl blue and methyl orange in comparison with pristine PVDF (1.64) and unstructured
ZIF-8 TF-loaded PVDF (3.01). Other than adsorption and separation, this well-organized superstructure
was also of interest in catalysis and microreactors. This method introduced a facile fabrication of
multicomponent devices and could readily extend to other types of templates and MOFs.
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Figure 6. (a) Schematic of the asymmetric growth of MOF-TFs on 2D arrays anchored at the
air-liquid interface and the fabrication of 2DOM MOE-TFs. SEM images of (b) ZIF-8 formed at
the air-liquid interface of different sides, and (c) ZIF-8 TFs obtained after removal of polystyrene
spheres. (d) Schematic and corresponding SEM images of vertically layered architectures based on

transferable MOF superstructures. (Reproduced with permission from Li et al., Crystal Growth &
Design; published by American Chemical Society, 2016.)

3.7. Contra-Diffusion Synthesis

Although many strategies have been developed to achieve a high rate of heterogeneous nucleation
of MOFs on substrates, they often complicate the process [60,129,130]. Therefore, a contra-diffusion
synthesis strategy was developed to realize an efficient way for the fabrication of MOF-TFs.
The contra-diffusion synthesis is similar to the interfacial synthesis of MOF-TFs in that the metal and
organic precursor solutions are placed separately. However, a contra-diffusion synthesis requires
porous substrates [131-135] whereas the interfacial synthesis could proceed without one [127]. In the
contra-diffusion synthesis, the substrate separates the two precursor solutions. The precursors diffuse
in opposite directions through the substrate, and MOFs can form upon encountering the precursors.
The contra-diffusion synthesis is capable of making MOEF-TFs that are embedded into the porous
substrates, resulting in a strong adhesion between MOF-TFs and substrates. Although it exhibits
simplicity and good reproducibility, the contra-diffusion synthesis strategy is limited to MOF-TFs with
high permeability and is only achievable on porous substrates, which limits its application.

Yao et al. [133] developed a synthesis strategy to fabricate ZIF-8 TFs on flexible substrates
via a contra-diffusion strategy (Figure 7A). Two precursor solutions containing Zn?* and 2-mIm,
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respectively, diffused from opposite sides of porous nylon substrate in opposite directions, and ZIF-8
TFs were formed on both sides of the substrate. In this type of synthesis, ZIF-8 TFs revealed different
morphologies on two sides of the nylon substrate, which could arise from different local molar ratios
of 2-mIm/Zn**, where large crystals with sizes of 0.2-5 pm formed on the Zn?* side and small NCs
formed on the 2-mIm side as shown by the SEM images in Figure 7A. After crystallization at room
temperature for 72 h, the surficial ZIF-8 film could reach 16 pm at the Zn%* side, which exhibited
a Hy/N, ideal selectivity of 4.3 with H, permeance of 1.97 x 107® mol/m?sPa and N, permeance
of 0.46 x 107% mol/m?sPa. One can control the coverage of the porous substrate and the thickness
of MOF-TFs by tuning the reaction time and the metal/linker concentration ratio in the reaction
system [92].

Figure 7. (A) Diffusion cell for ZIF-8 film preparation and the schematic formation of ZIF-8 films
on both sides of the nylon support via the contra-diffusion method, and corresponding SEM images
of a bare nylon membrane and ZIF-8 TFs formed on different sides of nylon membranes at room
temperature. (Reproduced with permission from Yao et al., Chemical communications; published by
Royal Society of Chemistry, 2011.) (B) Illustration of the gel-layer method to fabricate an oriented
metal-organic framework TF on an SAM-functionalized Au substrate. SEM images of (a) HKUST-1
on an OH-terminated substrate and (b) Fe-MIL-88B-NH, TF on a COOH-terminated substrate. (c) A
thick Fe-MIL-88B-NH, film with island formation under a higher iron(III) concentration, and (d)
larger single crystals formed on the film surface with higher molecular weight poly(ethylene oxide)
(10%). (Reproduced with permission from Schoedel et al., Angewandte Chemie International Edition;
published by Wiley-VCH, 2010.)
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3.8. Gel-Layer Synthesis

Schoedel et al. [136] developed a gel-layer strategy for the fabrication of MOF-TFs (Figure 7B).
In this method, thin poly(ethylene oxide) or poly(ethylene glycol) gel layers hold a high concentration
of metal precursors near SAM-coated gold substrates. Following the diffusion of organic linkers
through the metal-containing gel, heterogeneous nucleation of MOFs occurs at the gel-SAM interface.
Both rigid HKUST-1 TFs and flexible Fe-MIL-88B-NH, TFs were successfully fabricated on SAM-coated
gold substrates after 96 h of reaction at room temperature. The resulting Fe-MIL-88B-NH, TFs were
homogeneous and showed a preferred orientation at the [001] direction based on the COOH-terminated
SAMs; however, the HKUST-1 TFs did not. As shown by the SEM images in Figure 7B, the resulting
thickness of Fe-MIL-88B-NH; TFs was 500-550 nm, consisting of small islands of crystals with several
hundred nm in diameter, of which the gaps between islands were about 100 nm. There was also a very
homogeneous layer at the bottom, of which the thickness was about 40 nm.

The gel-layer synthesis method can realize the conservation of a high concentration of reactants
to be employed in heterogeneous film formation and eliminates the necessary precondition of
traditional hydro/solvothermal precursor solutions. The molecular weight of the polymer (gel) and the
concentration of metal precursors in the gels are the keys to control the morphology and thickness of
the resulting MOF-TFs. This method is pictured to be widely applicable with suitable gel matrices,
yet it could be very time-consuming, depending on the types of MOFs and gel matrices.

3.9. Evaporation Method

The evaporation method is an effective way to synthesize MOF-TFs with a controllable scale via
an evaporation-induced crystallization process [137,138]. In this synthesis strategy, a clear and stable
precursor solution is prepared without small MOF nuclei. Following the removal of the solvent by
slow evaporation, there is crystallization that leads to the formation of MOF crystals locally on the
substrate. This method can achieve a precise localization of MOF crystals on solid substrates.

Ameloot et al. [137] reported the fabrication of HKUST-1, MOF-5, and ZIF-8 patterned TFs via the
evaporation method in a stamping manner (Figure 8A). The precursor solution of each type of MOFs
was prepared as in conventional solvothermal synthesis. Patterning was performed by placing stamps
inked with the precursor solution on a glass substrate. In this method, the stamps were removed after
solvent evaporation. Unlike conventional secondary growth based on SAMs, the resulting HKUST-1
crystals in this study showed [111] growth orientation regardless of the substrate surface termination
(i-e., silanol, vinyl, and carboxylic acid groups). It was suggested by the authors that the confinement
between the stamp and the substrate during in situ crystallization had a more significant influence on
the preferred orientation of the resulting MOF-TFs than the substrate surface chemistry. It was observed
that the roughness of all films obtained via the evaporation method appeared high. Zhuang et al. [138]
reported the fabrication of HKUST-1 TFs on rigid substrates at room temperature via an evaporation
process (Figure 8B), and then they implemented this method with an inkjet-printing technique and
achieved patterned MOFs on flexible substrates as shown in Figure 8C [139]. The evaporation method
could also be applied with the drop-casting method to make MOF-TFs [140]. Other types of MOF-TFs,
such as ZIF-7 (Zn(bIm);) [141], are also achievable via fast evaporation of the solvent.
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Figure 8. (A) Schematics of the nucleation, growth, and orientation of HKUST-1 crystals in confinement
during solvent evaporation, and SEM images of the patterned deposition of HKUST-1 from the positive
and negative replica. Arrows indicate intergrowths caused by the second nucleation. (Reproduced with
permission from Ameloot et al., Advanced Materials; published by Wiley-VCH, 2010.) (B) Schematics
of the synthesis of bulk HKUST-1 crystals and SC fabrication of highly oriented TFs and patterns.
(Reproduced with permission from Zhuang et al., Advanced Functional Materials; published by
Wiley-VCH, 2011.) (C) Schematics for inkjet-printing SURMOFs onto flexible substrates using an
HKUST-1 precursor solution as “ink”. Optical photos of (a) an HKUST-1 ink solution, (b) various
patterns, letters, and a gradient wedge printed onto polyethylene terephthalate foil, (c) Botticelli's
“Venus,” which was printed in HKUST-1 (the inset shows the original image), and (d) a line array
(2 cycles). (Reproduced with permission from Zhuang et al., Advanced Materials; published by
Wiley-VCH, 2013.)

These contributions demonstrate the potential of the evaporation method in placing MOFs in
various microprinting and nanotechnological fields and that faster solvent evaporation could produce
more defective and less stable films compared to the controlled release of solvent in a traditional
process [142], whereas the films could potentially enhance gas permeation [126].

4. General Liquid-Solid Synthesis

Although the liquid-liquid synthesis strategies have been extensively studied and widely used in
the fabrication of MOF-TFs, the limited scalability of these solution-based approaches prevent their
large-scale production. Many other synthesis strategies were developed to realize a more economical
and greener process. The liquid-solid reaction, one of the alternatives, can significantly promote
heterogeneous nucleation and growth of MOF-TFs on substrates.

4.1. Electrochemical Deposition

Electrochemical deposition (ECD) is one emerging synthesis strategy conducted in the fabrication
of MOF-TFs, as discussed in many excellent reviews [72,118,143]. In a classic ECD system for MOF-TF
deposition, there is a two-electrode cell (a three-electrode cell is also available) containing metals, organic
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linkers, and electrolytes, and the MOF-TF is formed on the electrode(s) via the coordination of metal
ions with deprotonated organic ligands near the electrode surface through anodic dissolution [144-146],
cathode reduction [147,148], or charge driving [149,150]. This type of synthesis strategy allows for
the fabrication of MOF-TFs with controllable thicknesses via real-time monitoring of the amount of
passed charge. Moreover, the electrochemical nature of this process offers an in situ repairing of defects,
such as cracks and pinholes. However, this method is limited to the fabrication of non-conductive
MOF-TFs on conductive substrates, which restricts its application. Besides, metal ions with high
inertness could separate on the cathode, and the organic linkers may be oxidized.

Anodic electrodeposition (AED) that is based on the dissolution of metal components is the method
of choice for large-scale production of some commercially available MOFs because of its scalability,
ease of processing, and low working temperature. Joaristi et al. [151] reported the fabrication of
several archetypical MOF-TFs via anodic dissolution in an electrochemical cell (Figure 9A). The anode
was a metal plate (highly pure Zn, Cu, or Al), and the cathode was preferable inter alia (i.e., Zn-Zn,
Cu-Cu, and Al-Al), while graphite and steel were also available. MOF-TFs, including HKUST-1,
ZIF-8, MIL-100(Al) (Al30(H,0),(BTC),X, X = OH or F), and MIL-53(Al) (A[(OH)[O,C-C¢Hy-CO,]),
were obtained via AED in an electrodeposition cell containing proper organic linkers. Take the
fabrication of HKUST-1 TFs as an example. A linker solution was prepared by dissolving BTC and
tributylmethylammonium methyl sulfate in 96 vol % ethanol. The solution was heated up to 80 °C in
the electrochemical cell with two copper electrodes spaced at least 3 cm apart. Then, 50 mA was passed
through the system for 1 h. The product was filtered off and cleaned with ethanol at room temperature
overnight, then filtered again and dried at 100 °C. An average of ~100 mg of dried HKUST-1 was
obtained from each synthesis. As shown in Figure 9Ac, HKUST-1 TFs covered the entire copper mesh.
The deposition conditions, such as linker solubility, temperature, and current density, could be adjusted
to obtain the best morphology, coverage, and crystallinity for the resulting MOF-TFs. Compared
to traditional hydro/solvothermal synthesis, ECD-based synthesis strategies showed advantages in
reducing the reaction time and temperature in this study. AED is also accessible in the fabrication of
MOFE-TFs on other types of conductive substrates. Hauser et al. [152] fabricate MOF-TFs on ITO glass.
First, copper or zinc microcrystalline films (Cu-ITO and Zn-ITO) were deposited electrochemically
on ITO electrodes in aqueous/ethanol salt solutions serving as the metal source in anodic dissolution.
Several well-adhered and homogeneous MOEF-TFs, including HKUST-1, Cu(C19HgN3)Br,, Zn-BTC
(Zn3zBTCy), and Zny;BPDC (where BPDC = 2,2’-bipyridine-5,5’-dicarboxylate), were obtained on ITO
anodes under the deposition conditions in this study. HKUST-1 TFs can be achieved on copper-coated
QCMs via the AED strategy as well [144]. While most MOF-TFs can be deposited using metal or
a metal-coated electrode, it is difficult and expensive to electrochemically deposit rare earth metals
as the electrodes for the fabrication of luminescent MOF (LMOEF)-TFs. Li et al. [145] developed a
microwave-assisted electrochemical deposition strategy for LMOEF-TFs (Figure 9B). In this study,
a dense and homogeneous Ln(OH); (Ln = Eu, and Tb) layer was first deposited on a fluorine-doped
tin oxide (FTO) electrode after eight cycles of ECD in a cell containing Ln(NOg3);. Subsequently,
the Ln(OH);3 layer was converted to Ln-MOF TFs under microwave irradiation in a cell containing
TPO linkers, where TPO = tris-4-carboxylatephenyl phosphineoxide. Patterned Ln-MOF TFs were
also made using this microwave-assisted ECD strategy by patterning poly(dimethylsiloxane) (PDMS)
films on FTO glass. These patterned TFs had strong luminescence properties, which is of interest in
the fields of color displays, luminescent sensors, anti-counterfeiting barcodes, and structural probes.
In summary, in the AED strategy for MOF-TFs, the electrode acts as the cation source, and there are
blocking-free pores and easily controlled metal oxidation states. However, corrosion of the anode
is inevitable during the AED process, and there are restrictions on the anode material selection and
single-phase MOF conformation.
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Figure 9. (A) Schematic view of an electrochemical synthesis cell. (a) AFM and (b) SEM images of
HKUST-1 TFs fabricated on copper electrodes and (c) on a copper mesh under different electrochemical
conditions. (Reproduced with permission from Martinez et al., Crystal Growth & Design; published
by American Chemical Society, 2012.) (B) Schematic illustration of (a) ECD for Ln(OH)j; layers on
a transparent FTO glass and the microwave conversion to Ln-MOFs, and (b) the patterning growth
of luminescent barcodes. (Reproduced with permission from Li et al., Chemical communications;
published by Royal Society of Chemistry, 2016.) (C) Mechanism of CED. (Reproduced with permission
from Li et al., Journal of the American Chemical Society; published by American Chemical Society,
2011.) (D) Schematic illustration of the formation of a biphasic mixed film at (cathodic) potential,
E;. E; < Em < Ey. (a—c) SEM images of (b) a film produced by sequential growth at 1.10 and 1.50 V,
displaying (a) the characteristic feather-like morphology of (Et3NH),Zn3(BDC); in the top layer and
(c) the small crystallites associated with the Zn/MOEF-5 composite in the layer closer to the electrode
surface. (Reproduced with permission from Li et al., Chemical Science; published by Royal Society of
Chemistry, 2014.) (E) (a) Zna/Zn.-MOF-TFs modified electrodes by the CPED and (b) Cua/Zn.-MOF-TF
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modified electrodes by the DPED at Lopp =1 mA/cm?, t = 10,800 s; inserted the corresponding SEM
images of the modified electrodes. (Reproduced with permission from Alizadeh et al., Scientific reports;
published by Nature Research, 2019.) (F) Proposed mechanism of AED and (a-d) SEM images of the
four phases. (Reproduced with permission from Campagnol et al., Journal of Materials Chemistry A;
published by Royal Society of Chemistry, 2016.)

Cathodic generated -OH groups can promote the deprotonation of organic linkers in the typical
cathodic electrodeposition (CED) process. At the same time, metal ions move to the surface of the
cathode and lead to the formation of MOF-TFs locally on the cathode. Li et al. [147] established the
CED for the fabrication of crystalline MOF-TFs directly on conductive surfaces (Figure 9C). In this
study, a substantial amount of -OH groups were generated and accumulated near the surface of
the FTO electrode, which promoted the nucleation and growth of MOF-5 TFs exclusively onto the
conductive FTO glass. Then, they demonstrated the fabrication of multiphasic and multilayered
MOEF-TFs via the same synthesis strategy (Figure 9D) [148]. In this CED experiment, the electrolyte
solution was prepared by dissolving tetrabutylammonium hexafluorophosphate in DMF and stored in
a sealed bottle in a nitrogen-filled glovebox. A typical deposition solution in this study consisted of
100 mmol/L EtsNHCI, 100 mmol/L Zn(NO3),, and 50 mmol/L H,BDC. A bilayer film consisting of two
different types of MOFs was obtained; this method offers a potential path to large-scale fabrication of
heterostructured, multiphasic, and multilayered MOF-TFs. In contrast to the AED, the CED allows
for the free choice of electrode material, in situ deprotonations of organic linkers, and multiphasic
MOE-TF fabrication. However, this method is limited by possible metal reduction and pore blocking.

Paired electrodeposition (PED), which involves the pairing of both AED and CED strategies in the
fabrication of MOF-TFs on both electrodes, is a newly developed strategy that realizes green synthesis
of MOEF-TFs based on the traditional ECD. Alizadeh et al. [153] developed convergent and divergent
PEDs (CPED and DPED, respectively) for the simultaneous fabrication of MOF-TFs on both electrodes
(Figure 9E). In the CPED, Zn-BTC MOE-TFs were obtained on both the zinc anode and carbon cathode.
In the DPED, since they share the same type of organic linker, Zn-BTC and HKUST-1 TFs were obtained
on the graphite cathode and copper anode, respectively. Take the fabrication of Zn,/Zn.-MOF-TFs as
an example. To achieve CPED, both metal salt and metal were used as two cation sources, in which
Zn(NO3), for CED and Zn metal as a sacrificial anode to generate Zn2* cations for AED. Zn(NOjs); as
a cation source and NaNOj as a supporting electrolyte were dissolved in water (solution A, pH 2.1),
and H3BTC in ethanol (solution B). The prepared solutions were aged under stirring for 2.5 h at
room temperature. Then, the electrodeposition process was performed in a homemade undivided
two-electrode cell with Zn plate and carbon plate as the electrodes. After applying 1 mA/cm? for 3 h,
complete coverage of Zn,/Zn.-MOEF-TFs on the two electrodes was achieved, as shown in Figure 9Ea.
This deposition strategy realized a current efficiency that was twice as much as the traditional methods,
demonstrating a sustainable development for the fabrication of MOF-TFs using ECD.

Campagnol et al. [154] systematically investigated the fabrication mechanisms of MOF-TFs using
ECD, including both AED and CED (Figure 9F). The proposed mechanism involved four phases:
(I) Initial nucleation, (II) growth of MOF islands, (III) intergrowth, and (IV) crystal detachment. Hence,
based on the understanding of the ECD mechanism, the metal used for the SBU needs to be carefully
considered. For example, one could consider if the metal is noble or not, if it passivates or makes
hydroxides. When these conditions are clear, the choice of AED or CED becomes easier. MOF-TFs (e.g.,
HKUST-1) can be made either way, although the resulting morphology can vary remarkably. Overall,
the ECD strategies provide a roadmap for large-scale fabrication of MOF-TFs, including single-phase
and heterostructured multiphasic and multilayered MOF-TFs and membranes.

4.2. Self-Sacrificing Templated Synthesis

MOF-TFs could be fabricated based on self-sacrificing solid templates consisting of metals,
metal oxides, or hydroxides. In a general self-sacrificing templated synthesis, the template containing
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metal species of the desired MOF provides the metal cations for the formation of MOEFE-TFs,
and meanwhile serves as the substrate, while the reaction solution provides only the organic linkers.
In such a synthesis system, the formation of free MOF crystals in the liquid phase can be eliminated,
and the fabrication of MOF-TFs on the template can be significantly promoted under optimal reaction
conditions [155]. However, this reaction is limited by the dissolution of metal ions and may result in
self-termination of the reaction when the MOF-TFs formed at the interface of the metal template and
organic precursor solution becomes thick.

One type of self-sacrificing template consists of only metals. Zou et al. [156] reported a
self-sacrificing templated fabrication for MOF-TFs using a single metal source. In this study, a Zn wafer
was used as the template, which was first activated by H,O, to form a hydroxide layer on the surface.
The prepared Zn wafer was placed at the bottom of an autoclave filled with aqueous H3BTC solution.
Zn-BTC MOF-TFs were obtained on top of the remaining Zn wafer via hydrothermal synthesis at
140 °C for 24 h. After being cleaned with distilled water and dried at 85 °C, the obtained TF was
tested for chemical sensing based on the photoluminescence properties of Zn-BTC MOFs. In this study,
the Zn-BTC MOF-TFs showed high sensitivity and selectivity towards dimethylamine. A limit of
detection for dimethylamine of 8.57 ppm was identified. Other types of MOF-TFs, such as HKUST-1,
ZIF-8, Cu-BDC, and MOEF-5 [157] (Figure 10A), have also been achieved on proper metal templates via
this synthesis strategy upon substrate surface activation. Kang et al. [158] developed a self-sacrificing
templated fabrication using a single metal source without activation pretreatment. A nickel net was
used as the nickel source and substrate to synthesize Ni-MOF-TFs. Highly crystalline and continuous
Niy(L-asp),(bipy) (L-asp = L-aspartic acid; bipy = 4,40-bipyridine) MOE-TFs were then obtained locally
on the nickel net via a traditional solvothermal synthesis at 150 °C after 48 h. The obtained mesoporous
and microporous structure showed good separation results of (R)-2-methyl-2,4-pentanediol and
(5)-2-methyl-2,4-pentanediol at high temperatures. When the operating temperature increased from 25
to 200 °C under 0.1 MPa, the permeance of R increased from 526 to 1047 g/m?h, while that of S only
slightly increased from 406 to 533 g/m’h.

Another type of self-sacrificing template relies on metal oxides or hydroxides. Zhan et al. [159]
reported the fabrication of ZIF-8 TFs based on ZnO templates (Figure 10B). By controlling the reaction
conditions, ZnO@ZIF-8 core-shell nanorod (NR)/nanotube (NT)-structured TFs were obtained via
traditional solvothermal synthesis at 70 °C for 24 h, where ZnO NRs/NTs served as the source of Zn?*
ions and as the template for ZIF-8 TFs. It was discovered that the solvent composition and reaction
temperature are critical in this type of synthesis strategy since they can influence the dissolution rate
of ZnO and the coordination rate of 2-mIm with the released Zn?* ions. The ZnO@ZIF-8 core-shell
structure showed different photocurrent responses for hole scavengers with various sizes, which was
tested on H,O, and ascorbic acid (AA). In the study, AA did not produce a similar enhancement effect
to the photocurrent response like H,O, because its molecule size is larger than the pore aperture of
ZIF-8. Khaletskaya et al. [160] performed the fabrication of ZIF-8 TFs on QCMs via self-sacrificing
synthesis. ZnO TFs were first prepared on the surface of QCM via ALD or magnetron sputtering,
which resulted in different film morphologies for ZIF-8. The ZIF-8 TFs formed on sputtered ZnO
templates showed no characteristic shape of ZIF-8 crystals and appeared larger than the one on
the ALD-ZnO template, which was possibly due to the larger size of ZnO particles obtained by the
sputtering process. The ZIF-8 TFs formed on ALD-ZnO templates showed a typical faceted shape
of ZIF-8 crystals, which could result from the less dense and predominantly nanocrystalline ZnO
precursor via ALD that provided a faster dissolution and conversion rate of the metal oxide. With either
ZnO template, compact and homogeneous ZIF-8 TFs were obtained on both Si wafers and QCMs via
microwave-assisted solvothermal synthesis at 80 °C for 1 h. In this study, highly oriented AI(OH)(NDC)
MOFE-TFs, where NDC = 1,4-naphthalenedicarboxylate, was achieved by using the same synthesis
strategy. Mao et al. [161] reported the fabrication of HKUST-1 TFs on porous anodic aluminum oxide
(AAO) substrates via a secondary growth based on Cu(OH), nanostrands (CHNs). A highly positively
charged CHN TF was prepared by mixing the 2-aminoethanol solution with Cu(NO3), solution and
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aging at room temperature, followed by filtering onto the surface of porous AAO. Then, the prepared
CHN@AADO substrate was immersed in the H3BTC solution for 1 h to obtain a thin layer of HKUST-1
crystals as the seeding layer to achieve HKUST-1 TF via secondary growth. After 24 h of reaction
at 120 °C, dense HKUST-1 TF with a thickness of about 30 um was obtained on the AAO substrates.
This structure showed a high permeance of H; at room temperature of 3.14 x 10~ mol/m?sPa, which
was higher than CHy, N, Op, and CO,. It provided separation factors of the binary gases, i.e., Hy/CHy,
Hj/Nj, and Hp/CO,, that were 5.1, 6.3, and 7.6, respectively, considering the values of the ideal Knudsen
selectivities of 2.8, 3.7, and 4.7 for the corresponding binary gases. Freestanding MOF-TFs are also
achievable through this type of synthesis strategy [162] (Figure 10C). The self-sacrificing templated
synthesis strategy is also able to be employed with other types of synthesis strategies, which broadens
its application in the fabrication of MOF-TFs. Schifer et al. [163] fabricated MOF-TFs via the ECD
through a self-sacrificing synthesis strategy. HKUST-1 TFs were obtained on copper foils only when
surface oxide layers were present on the electrode. Furthermore, only CuO was found to be working
in the formation of HKUST-1, not CuO. The hypothesis is that the active form of copper precursor for
HKUST-1 in the ECD system was Cu,O from the oxidation of copper foil.
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Figure 10. (A) Schematic of the two-step method for the fabrication of MOF-TFs, and SEM images of
different types of MOF-TFs after sonication for 1 h. (Reproduced with permission from Abuzalat et al.,
Ultrasonics sonochemistry; published by Elsevier BV, 2018.) (B) Schematic of ZnO@ZIF-8 NRs synthesized
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via the self-template strategy, and (a—d) TEM images of the NRs obtained after reaction for a different
time and (e) the thickness ratio (Tzjr-g/Dzn0) in the NRs as a function of the reaction time. (Reproduced
with permission from Zhan et al., Journal of the American Chemical Society; published by American
Chemical Society, 2013.) (C) (a—d) Top-view and cross-section SEM images and simulation models
of four states of the membrane representing the reaction process as a function of time; green-anodic
aluminum oxide, pink-MIL-53 MOF. (e,f) The cross-section SEM images of the whole freestanding
membrane. (Reproduced with permission from Zhang et al., Scientific reports; published by Nature
Research, 2014.)

Metal oxides and hydroxides with high reactivity (i.e., they are easily ionized in solution) are
preferable in this type of synthesis strategy, where the metal dissolution process is a crucial factor.
Some commonly used metal oxides are CuyO, ZnO, and Al,O3, and hydroxides Zn(OH),, Cu(OH),,
Ni(OH),, Ca(OH),, Mg(OH);, and Al(OH)3. Considering the diverse and accessible macro-, micro-,
and nanomorphology of metal, metal oxides, and metal hydroxides, many MOF-TFs, patterns,
and composite structures can be made via self-sacrificing templated synthesis based on a suitable
metal source.

5. Other Types of General Synthesis

Although the previously reviewed fabrication techniques based on traditional solution-processing
techniques have been extensively studied and widely used in the fabrication of MOF-TFs, the limited
scalability of these solution-based approaches prevent their large-scale production. Several common
disadvantages of the solvent-processing fabrication techniques for MOF-TFs are (1) the large amount of
solution needed due to the low volumetric yield of TFs, (2) the difficulty in preventing the formation of
bulk MOFs and controlling the waste generation, and (3) potential safety and processing issues when
using solvents, especially under solvothermal conditions. Therefore, many other types of synthesis
strategies have been developed to realize a more economical and greener process. In this section,
we will review currently reported fabrication techniques based on the solid-solid synthesis, vapor-solid
synthesis, vapor—gel synthesis, and the special post-assembly method.

5.1. Solid-Solid Synthesis

As a solution to overcome the difficulties of solution-processing techniques, fabricating MOF-TFs in
a solvent-free manner becomes an emerging strategy that can realize green synthesis [164]. Employing
metal oxides or hydroxides instead of typically conducted metal salts in the reaction with organic
linkers eliminates the production of acids since this type of synthesis strategy involves simple acid-base
neutralization with water as the only byproduct.

Stassen et al. [164] demonstrated the fabrication and patterning of ZIF-8 TFs via solvent-free
synthesis through the reaction of ZnO with melted 2-mIm (Figure 11A). This study obtained a dense
ZIF-8 TF on Si wafer by sputtering, a patterned ZnO TF by uCP, and a flake-like ZnO TF on a carbon steel
support by ECD. After covering with a thin layer of finely ground 2-mIm powders, the conversion of
ZnO to ZIF-8 was completed at 160 °C in an oven, which also allowed for the evaporation of byproduct
that was water. The crystal growth can be controlled by tuning the reaction time and changing the
amount of prepared ZnO. The resulting ZIF-8 TFs precisely follow the original morphology of the ZnO
TFs. Therefore, based on many morphologies of metal oxide TFs that can be obtained on different
substrates using various techniques, the solvent-free synthesis strategy provides an easy route to apply
many types of MOF-TFs on integrated devices in electronics and optics. However, this strategy is only
preferable for MOFs that consist of organic linkers with a low melting point.
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Figure 11. (A) Schematic of the solvent-free ZIF-8 film processing and patterning approach. SEM images
of (a) intergrown ZIF-8 TFs at different times during the transformation of 1-um thick sputtered ZnO
film on Si wafer, (b) a ZIF-8 pattern obtained after 20-min transformation of a ZnO pattern, and (c)
an electrochemically deposited flake-like ZnO precursor film and resulting ZIF-8 film after a 20-min
transformation. (Reproduced with permission from Stassen et al., CrystEngComm; published by Royal
Society of Chemistry, 2013.) (B) Schematic presentation of the hot-pressing method for MOF-TFs,
and the overview (all scale bars, 5 pm) and enlarged (all scale bars, 1 pm) SEM images of different
MOE-TFs fabricated on carbon cloth. (Reproduced with permission from Chen et al., Angewandte
Chemie International Edition; published by Wiley-VCH, 2016.)

Following the concept of solvent-free synthesis, Chen et al. [165] introduced a hot-pressing (HoP)
synthesis strategy to fabricate MOF-TFs under binder-free and solvent-free conditions (Figure 11B).
In a general HoP process, both metal and organic precursors of MOFs are placed on a substrate and
are pressed by a heating source, such as an electric iron, where the applied heat triggers the reaction
between the precursors and leads to the formation of MOF-TF on the substrate. Different MOF-TFs,
including MOF-5, ZIE-8, ZIF-9 (Co(bIm);), ZIF-67 (Co(2-mIm);), Co-MOF (Co(dcIm),, where dcIm =
4,5-dicyanoimidazole), Cd-MOF (Cd(Im),, where Im = imidazole), and bimetallic Ni-ZIF-8, have been
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realized on various flexible substrates, including carbon cloth, AAO film, nickel foam, copper foil,
glass cloth, and glass fiber, via the HoP strategy. Take the fabrication of ZIF-8 TFs on carbon cloth as
an example. Zinc acetate, 2-mIm, and polyethylene glycol (PEG) were manually ground and mixed.
The mixture was then loaded on a 2 cm X 2 cm carbon cloth, packed with aluminum foil, and heated
with an electric heating plate at 200 °C for 10 min. After peeling off the aluminum foil, the TF was
washed with ethanol and DMF (each for 1 h) and stored in ethanol. All the ZIF-8 TFs obtained
on different substrates presented uniformly distributed crystals. The HoP strategy can realize the
fabrication of MOF-TFs on flexible materials with a controllable scale, which could be of interest in
flexible electronics. However, this method requires high thermal stability of the MOFs and substrates.

5.2. Vapor-Solid Synthesis

A vapor-solid synthesis method is promising to apply MOF-TFs on devices that are incompatible
with wet-based processing due to the risk of corrosion and contamination. There are several ways to
achieve the fabrication of MOF-TFs in a vapor—solid synthesis manner, such as atomic layer deposition
(ALD), chemical vapor deposition (CVD), and physical vapor deposition (PVD).

As mentioned previously, the ALD technique is widely used in seed-assisted secondary growth for
MOF-TFs and in the preparation of metal precursor TFs and patterns. Other than these, ALD can also be
directly employed to fabricate MOF-TFs via the vapor-solid reaction. In a general TF fabrication process
via ALD, metal and organic precursors for the desired MOFs are sequentially blown onto the surface
of a substrate with a pulse of gas to form the TF. Lausund and Nilsen [166] reported the deposition of
Ui0-66 (ZrgO4(OH)4(BDC)g) TFs via the ALD technique (Figure 12A). In this study, an amorphous
organic-inorganic hybrid TF based on ZrCly and H,BDC formed on Si wafers. The vaporization
temperatures for ZrCly and HpBDC were 165 and 220 °C, respectively. Then, the TF crystallized into a
UiO-66 structure by heating to 160 °C for 24 h in a sealed autoclave with about 0.1 mL of acetic acid
vapor. Uniform and continuous UiO-66 TFs were obtained locally on the wafer, acquiring a relatively
low surface roughness. This ALD-based synthesis strategy provides an easy way to control the film
thickness at an atomic level and is also available in the fabrication of multilayer structures. However,
there are a few obstacles. First, the precursors, especially the organic precursors, must be volatile but
not be subject to unwanted decomposition during the vaporization. Then, the capital cost of ALD
equipment is high, and the process of ALD is slow, which prevents broad application of this technique.

The CVD technique is another type of vapor-based synthesis strategy in the fabrication of MOF-TFs
with precisely controlled thicknesses. There are two steps in a general CVD process for fabricating
MOE-TFs, including a metal oxide deposition step and a vapor—solid reaction step (Figure 12B). Stassen
et al. [167] developed the concept of a CVD-based synthesis strategy for MOF-TFs. In this study,
the ZnO layer was deposited first via ALD, and then the 2-mIm organic linker vapor was introduced
to the reaction system via CVD, undergoing a metal oxide-to-MOF conversion process similar to the
previously mentioned liquid/solid-solid synthesis. When fully converting 3 and 6 nm ZnO precursor
layers, it resulted in ZIF-8 TFs with an average thickness of 52 and 104 nm, respectively. All the
resulting ZIF-8 TFs achieved a uniform and controllable thickness. This CVD approach also realized
lift-off patterning and fabrication of MOF-TFs on delicate features.
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Figure 12. (A) Experimental setup for the heat treatment in acetic acid vapor. (a) Cross-section SEM
images of the UiO-66 TF after treatment in acetic acid vapor, and (b) AFM image of the same film.
(Reproduced with permission from Lausund et al., Nature communications; published by Nature
Research, 2016.) (B) Schematic of the CVD process for ZIF-8 TFs (zinc-grey, oxygen-red, nitrogen-light
blue, and carbon-dark blue). Schematics of (a) ZIF-8 pattern-deposition by MOF-CVD and subsequent
lift-off of a patterned photoresist and (b) the production of ZIF-8-coated PDMS pillars by soft lithography
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and MOF-CVD. SEM images of (c,d) the manufactured ZIF-8 patterns, () MOF-CVD-coated PDMS
pillars, and (f) identical PDMS pillars after conventional solution processing of ZIF-8. The MOF-CVD
processing steps are indicated with a dashed line in a and b; oxide and MOF films are represented in red
and blue, respectively. (Reproduced with permission from Stassen et al., Nature materials; published by
Nature Publishing Group, 2016.) (C) Schematic of ZIF-8 film preparation via the femto-PLD technique,
and SEM images of PEG@ZIF-8 films on sapphire films with an optical image inserted. Crystals
showing the typical ZIF-8 morphology are highlighted in light blue. (Reproduced with permission from
Fischer et al., Chemistry of Materials; published by American Chemical Society, 2017.) (D) Schematic
of the GVD fabrication process of ultrathin ZIF-8 film. SEM image top view of (a) a PVDF hollow
fiber, (b) a Zn-based gel layer, and (c) a ZIF-8 TF with (d) a cross-section image. (Reproduced with
permission from Li et al., Nature communications; published by Nature Research, 2017.)

Considering the extensive studies in the fabrication of MOF-TFs via various chemical means,
there is a rare investigation related to physical deposition. Concerning this, Fischer et al. [168]
developed a femtosecond pulsed-laser deposition (femto-PLD) technique to achieve the fabrication of
MOFE-TFs, extending the fabrication of MOF-TFs to PVD (Figure 12C). In the study, ZIF-8 powder was
stabilized in PEG-400 and then pressed into a pellet to prepare the target for femto-PLD. PEG@ZIF-8
TF was deposited on a sapphire substrate at room temperature by ablating the target in a high-vacuum
system for 6 h. The femtosecond laser with a wavelength of 516 nm at 442 fs was operated with a laser
power of 30 mW (energy per pulse of 0.03 m] at 1 kHz), and the laser beam was focused on the target
surface with a spot size of 0.05 mm. This method produced mesoporous ZIF-8 films consisting of
nanosized ZIF-8 crystals as shown in the SEM images in Figure 12C. The limitation of this femto-PLD
strategy is that it is applicable only to the fabrication of highly porous and thermally labile MOF-TFs
with stabilizing additives.

5.3. Gel-Vapor Synthesis

Li et al. [169] introduced a gel-vapor deposition (GVD) strategy for the fabrication of MOF-TFs
(Figure 12D). This method combines sol-gel coating with vapor deposition to receive the benefits
from both techniques and realizes solvent-/modification-free and precursor-/time-saving synthesis
of MOF-TFs with a controlled thickness. In this study, a Zn-based sol was prepared by mixing
Zn(CH3CO,),-2H,0 and ethanolamine in ethanol and then coated on ammoniated polymer hollow
fibers. The formation of Zn-based gel was initiated by heat treatment; the gel was then subjected to
the conversion process of gel-to-MOF by introducing a vapor of organic linkers. An ultrathin ZIF TF
thinner than 20 nm was obtained by adjusting the sol concentration and coating procedure. Unlike the
liquid-solid reaction, the GVD process based on gas-solid reactions does not involve the diffusion of
precursors in solutions and thereby offers better control over the reactant transport and fluid dynamics
during crystallization. The GVD process requires no pretreatment of substrates and can be applied to
many types of substrates. However, the MOF-TFs prepared via this strategy may face a problem of
shrinkage and cracking during drying.

5.4. Post-Assembly Method

Most synthesis strategies to fabricate MOF-TFs use separate metal and organic linker precursors;
the process often involves a chemical reaction step and a framework assembly step. There is a different
strategy, using preformed MOF particles on substrates, to achieve MOF-TFs, which involves only the
framework assembly step. Building on the extensive knowledge learned about the synthesis of MOF
particles, MOF-TFs can be fabricated via a post-assembly process through a variety of strategies.

The Langmuir-Blodgett (LB) deposition method is a well-established technique for the fabrication
of orderly monolayers on liquid—substrate surfaces, which is often applied using the LBL deposition
strategy to assemble preformed MOF NCs for the formation of dense MOF-TFs. Makiura et al. [170]
demonstrated the fabrication of MOF-TFs via the LB-LBL deposition strategy (Figure 13A). In this
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study, organic CoTCPP (tetrakis(4-carboxyphenyl)-porphyrin-cobalt') and pyridine were spread onto
an aqueous solution containing CuCl, and formed a layer of CoTCPP-pyridine-Cu (NAFS-1) MOF
nanosheets on the solution surface. The MOF monolayer was compressed by the container’s walls and
received proper surface pressure. Then, the layered MOF nanosheets were transferred onto a smooth
surface (Si wafer or quartz substrate) via the LB method. The process was repeated several times
in an LBL manner to obtain an interdigitated NAFS-1 MOF-TFs. MOF-TFs prepared by the LB-LBL
deposition strategy show the low surface roughness and high homogeneity, and the film thickness
can be adjusted by the number of deposited layers and is accurate to the nanometer level [170-177].
Moreover, the choice of substrates for this type of MOF-TF deposition strategy is widely open. However,
due to the weak interactions (p stacking or Van der Waals’ force) between the film and the substrate,
MOE-TFs prepared by the LB method may easily fall off. Furthermore, the requirement of a generally
expensive LB device for the deposition largely limits its application.

Another similar strategy, the Langmuir-Schéfer (LS) deposition, has also been applied to fabricate
thin layers of MOFs based on preformed MOF NCs. Wang et al. [178] reported the fabrication of a
series of M-TCPP(Fe) (M = Co, Cu, and Zn) MOE-TFs via the LS deposition strategy (Figure 13B).
Unlike the LB deposition method, where the substrate is slowly immersed into and then withdrawn
from the surface, yielding a mono-/multilayered TF, the substrate in the LS method is situated in a
horizontal position and slowly put in contact with the liquid surface and subsequently lifted off the
liquid surface. In this study, 2D M-TCPP(Fe) nanosheets were first prepared via a surfactant-assisted
solvothermal synthesis, followed by the deposition onto substrates by the LS deposition process
to obtain mono-/multilayers. Take the deposition of Co-TCPP(Fe) as an example. First, Co(NO3),,
pyrazine, and polyvinylpyrrolidone were dissolved in a mixture of DMF and ethanol (V:V = 3:1),
and then mixed with TCPP(Fe) in another mixture of DMF and ethanol (V:V = 3:1). After the solution
was sonicated for 10 min, the mixture was set to 80 °C for 24 h. The resulting dark brown products were
washed twice with ethanol and collected by centrifuge. Finally, the obtained Co-TCPP(Fe) nanosheets
were dispersed in ethanol to obtain a colloidal suspension with a concentration of 1.0 mg/mL. Then,
the suspension was gently dropped onto the surface of water in a beaker. After Co-TCPP(Fe) nanosheets
spontaneously spread to form a TF on water, the film was transferred onto a solid substrate via the
LS method. Finally, the TF-coated solid substrate was immersed into fresh water to remove the
loosely deposited nanosheets and then blow-dryed with N,. By this step, one deposition cycle was
completed. Similar to the LB method, the LS method could follow an LBL deposition manner to control
the thickness of the resulting MOF-TFs. The resulting Co-TCPP(Fe) MOF-TF with five deposition
layers showed the best electrochemical catalytic activity toward the reduction of HyO,, with a limit of
detection of 0.15 x 107° mol/L. The developed sensor was available for real-time detection of HyO,
secreted by live cells.

Xu et al. [179] reported a modular assembly strategy based on LS deposition to prepare MOF-TFs
(Figure 13C), which realized a rapid fabrication of oriented MOF-TFs with larger domain sizes than the
ones in the LB method [170]. Cu-TCPP nanosheets were first synthesized via a solvothermal reaction
of Cu(NO3), and H,TCPP. The formed MOF nanosheets were first dispersed in ethanol to form a
colloidal suspension and then added onto the surface of the water in a beaker dropwise to create a TF
of Cu-TCPP MOF. The MOF-TF was then transferred to a quartz substrate via stamping. Repeating
the stamping process in an LBL manner increases the film thickness. A highly oriented MOF-TF of
100 layers can be prepared within 10 min, enabling the preparation of oriented MOF-TFs in a shorter
time than many previously reviewed fabrication techniques, although the orientation of the resulting
TF depends only on the orientation of nanosheets obtained from bulk MOF synthesis. An obstacle in
widening the application of the LS strategy is, similar to the LB strategy, the requirements of preformed
MOF crystals with high aspect ratios can obtain a uniform air-liquid interface for MOF-TF deposition,
which remains a significant challenge in the synthesis of MOFs.
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Figure 13. (A) Schematic illustration of the fabrication method of NAFS-1 MOF-TF via the LB-LBL
deposition strategy (C-grey, N-blue, O-red, Co>*-pink, and Cu?*-green). (Reproduced with permission
from Makiura et al., Nature materials; published by Nature Publishing Group, 2010.) (B) Schematic
illustration of the assembly process for the preparation of 2D-MOF-nanosheet-based TFs. SEM images
of (a) Co-TCPP(Fe) and (b) Cu-TCPP(Fe) MOF-TFs on Si wafers via the LS method with different
deposition cycles. (Reproduced with permission from Wang et al., Advanced Materials; published by
Wiley-VCH, 2016.) (C) Illustration of the assembly process of this MOF-TFE. (a,b) TEM images of the
synthesized Cu—TCPP nanosheets, and (c) an optical photo of the MOF-TFs after 15 deposition cycles
on a quartz substrate. (Reproduced with permission from Xu et al., Journal of the American Chemical
Society; published by American Chemical Society, 2012.)
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Other deposition strategies, such as SC [121] and the drop-casting method [121], have also been
applied to assemble preformed MOF crystals on substrates; however, the resulting film morphologies
were not as good as the ones made by LB or LS deposition.

6. Modification of MOF-TFs

For practical application aspects of view, such as gas sensing, a real gas environment is often
a multi-component system. Consequently, selective adsorption of a specific molecule from a gas
mixture is desired. Although MOF-TFs, by nature, provide excellent selective adsorption over
many chemical species at the molecular level, their selectivity still cannot meet the requirements in
practical applications [180]. Besides, many MOF-TFs have inadequate proton-conductivity capacities
and are preferable for fabrication on conductive substrates for electronic gas sensing [181], but the
inorganic substrates are relatively expensive. Although promising in lowering the cost, the fabrication
of MOF-TFs on porous polymers is still limited by techniques because of the poor combination
force between substrates and MOEF-TFs [135]. Therefore, part of the research interest is shifting to
the modification of MOF-TFs, such as modifying the macro-/micro-structures and tuning the pore
functionality. The modification of MOF-TFs can be conducted on, but not limited to, ligands, metal
sites, pores, and the overall hierarchical structure.

The modification of MOF-TFs can be classified into two categories, i.e., the in situ modification
during synthesis, and the post-synthesis modification.

6.1. In Situ Modification

Mao et al. [182] developed a modification strategy to functionalize MOF-TFs during the
fabrication process based on the functionalization of self-sacrificing metal hydroxide templates.
In the study, copper hydroxide nanostrands (CHNs) were first mixed with different negatively
charged functional species, including Au NPs, [AuCl4]™ anions, ferritin, and glucose oxidase (GOx),
polystyrene spheres, and single-walled carbon NTs (SWCNTs), and then filtered onto porous substrates.
Followed by a 1-h reaction with H3BTC solution at room temperature, HKUST-1 composite TFs with
encapsulated functional components were obtained. The resulting HKUST-1 TFs that encapsulated
with different functional species exhibited interesting hybrid functions. The GOx/HKUST-1 composite
TF showed interesting enzymatic activity toward glucose. The Au NP/HKUST-1 composite TF
presented an excellent catalytic performance in the oxidation of CO, with a catalysis efficiency of
297.62 x 107% mol/ga,s at 160 °C based on 50% conversion. The SWCNT/HKUST-1 composite TF
possessed impressive conductivity and flexibility, showing a large BET surface area of 1192 m?/g
and high thermal decomposition temperature of 333 °C. This synthesis strategy offers a route to
encapsulate functional species into an MOF system, obtaining synergistic and size-selective functional
materials. LBL deposition is capable of encapsulating guest molecules into the structure of MOF-TFs.
Gu et al. [183] reported in situ LBL growth of lanthanide coordination compound-encapsulated
MOF-TFs using a modified LPE pump method (Figure 14A). In this study, the Ln(PDC); (PDC =
pyridine-2,6-dicarboxylate; Ln = Eu, Tb, and Gd) was encapsulated in the pores of MOFs during the
fabrication process for HKUST-1 TF via the LBL deposition strategy. The resulting composite TFs
showed RGB (red, green, and blue) primary colors because of the loading of Ln(PDC);. Moreover,
the proportion of different Ln(PDC);3 in the mixture can be adjusted to obtain a TF of white light
emission. This synthesis strategy was useful in the development of oriented and homogeneous
solid-state lighting composite TFs with a high encapsulation efficiency. Later, Fu et al. [184] employed
this synthesis strategy and obtained a trans-azobenzene@HKUST-1 hybrid TF by immersing the
substrate in Cu(CH3COO); solution, H3BTC solution, and trans-azobenzene solution, sequentially.
The resulting hybrid MOF-TF possessed photo-switching and photoluminescent properties based on
the trans-azobenzene, and a temperature-dependent photoluminescent emission, leading to a new
path for the preparation of photochromic TFs and the development of multifunctional optical devices
and sensors.

86



Processes 2020, 8, 377

Eu(pdc),@HKUST-1 | Tb(pdc);@HKUST-1

Cu(OAc), EtOH Gd(pdc)@HKUST-1
Ln(PDC), Metal io

0008 _’.HH.L[

(B) 1R C
(. ( ) Hexane Cyclohexane Hexane Cyclohexane

>’ Separation
Vs YAV
/ =>—~-c-; VAVAVAVI

PSM E;":f;%-q>

SURMOF B@A SURMOF tBITC@B@A

Figure 14. (A) Schematic presentation of in situ LBL growth of Ln(PDC)3-encapsulated HKUST-1 TF
using a modified LPE pump method. Photographs of a UV-irradiated (a-¢) Ln(PDC);@HKUST-1 TF
and (d) a mixed Ln(PDC);@HKUST-1 film on quartz glasses via the modified LPE pump method,
and (e) SEM images of the Eu(PDC)3@HKUST-1 TE. (Reproduced with permission from Gu et al,,
ACS applied materials & interfaces; published by American Chemical Society, 2015.) (B) The LBL
method for the hetero-epitaxial growth of MOF-on-MOF hybrid TF structure on SAMs. (Reproduced
with permission from Shekhah et al., Dalton Transactions; published by Royal Society of Chemistry,
2011.) (C) Schematic illustration of programmed functionalization of SURMOFs via hetero-LPE growth
and the PSM process. (Reproduced with permission from Tu et al., Dalton Transactions; published by
Royal Society of Chemistry, 2013.) (D) Schematic illustration of a confined synthesis of MAPbI, X (X =
Cl, Br, or I) in the interior pores of oriented MOF-TF, and (a,b) SEM images of MAPbI, Br@HKUST-1
TF. (Reproduced with permission from Chen et al., ACS applied materials & interfaces; published by
American Chemical Society, 2016.)

Another way of in situ modification for MOF-TFs is the stratified synthesis strategy, which
enables MOF-on-MOF heterostructures with hierarchical porosity. Shekhah et al. [115] demonstrated
the feasibility of the LBL deposition strategy in the stratified synthesis for MOF-on-MOF TFs
(Figure 14B). First, SAMs were deposited on Au/Ti/Si wafers or Au substrate in an ethanolic solution of
4,(4-pyridyl)phenyl-methanethiol. Ethanolic solutions of zinc acetate or copper acetate and an equimolar
H,NDC/DABCO (DABCO = 1,4-diazabicyclo(2.2.2)octane) mixture were used as precursors for each
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MOE. The MOE-TFs were fabricated via the traditional LBL deposition method, in which the substrates
were first immersed in metal acetate solution for 30 min and then in the H,NDC/DABCO solution
mixture for 60 min, with a washing step with pure ethanol of 5 min in between. The MOF-on-MOF
fabrication was completed by 60 LBL cycles of first MOF-TF and then 60 LBL cycles of the second
MOF-TF. In the end, highly oriented Zn-MOF-on-Cu-MOF hybridized TFs were obtained on SAM-based
substrates, showing precisely controlled thicknesses, a result of the LBL deposition. Many different
MOFs were studied using stratified synthesis, including MOF-on-MOF heterostructures [116] and
MOF@MOF core-shell hybrid TFs [117].

6.2. Post-Synthesis Modification

Other than the in situ modification during fabrication, the functionality of MOF-TFs can be
modified by a post-synthesis modification (PSM) process.

Shekhah et al. [185] used layer-pillar-based SURMOFs with BDC-NH, linker as a robust
platform to attach ferrocene via a PSM process. First, the SURMOF was synthesized on
an SAM-modified Au(111) surface terminated with -OH groups from 1l-mercaptoundecanol.
The layer-pillar-type SURMOF consisted of Cuy(BDC-NHjy); MOF nanosheets connected by DABCO
pillars. 1-ferrocenylmethy-lisocyanate was used as the PSM reagent. To perform PSM, a pristine
SURMOF was immersed in a solution of 1-ferrocenylmethy-lisocyanate dissolved in dichloroethane at
30 °C. After the PSM, the SURMOF could provide a maximum density of two ferrocene molecules
per pore. The encapsulation of ferrocene inside the pores would alter the electrochemical properties
of the SURMOFs. Based on the size-selective adsorption property of MOFs, many small molecules,
such as redox-active compounds [186] and fluorescent dye molecules [187], can be encapsulated in
MOF pores for integrated properties. Partial linker exchange can also be achieved via the PSM by
tuning the reaction conditions [188].

Based on an MOF-on-MOF heterostructure via stratified synthesis, further modification of the pore
functionality is available through a PSM process. Tu et al. [189] fabricated an SURMOF-on-SURMOF
hybrid TF on the pyridyl-terminated Au-covered QCM substrate via LPE growth (Figure 14C).
The fabrication of SURMOFs followed the LBL deposition manner, including 5-min immersion in
copper acetate solution, 10 min in BDC/DABCO solution, and 5 min in ethanol for washing purposes
between the two precursors. Before PSM, the SURMOFs were kept in dichloromethane overnight,
followed by treatment under vacuum overnight at room temperature. Then, the activated samples were
exposed to the vapor of tert-butyl isothiocyanate (tBITC) under static vacuum at room temperature
for two days. Afterward, the modified SURMOFs were treated under a dynamic vacuum at room
temperature for 1 day to remove physically adsorbed tBITC molecules. Through the PSM, the pore size
of the top SURMOF, Cu,(BDC-NH;),(DABCO) MOF was modified by targeting the amino groups with
tert-butyl isothiocyanate (BITC). This hybrid TF with a modified surface layer presented extraordinary
separation and storage of hexane over cyclohexane according to the unique size selectivity from the
small pore size of the outer SURMOF achieved via the PSM process and the high storage capacity from
the inner SURMOF without modification. Chen et al. [190] conducted an oriented MOEF-TF via the LPE
approach as a host for perovskite QD fabrication (Figure 14D). By introducing PbI, and CH3NH;X
(MAX; X = Cl, Br, and I) precursors into an HKUST-1 TFs, perovskite MAPbI, X QDs were synthesized
in the pores of the HKUST-1 TF with uniform diameters of 1.5-2 nm, which matched the pore size of
HKUST-1. This perovskite QD@MOEF-TFs was shown to be stable to moist air with 70% humidity for
4 days. This strategy provides confined synthesis of perovskite QDs with high stability and a uniform
size distribution according to the oriented MOF-TF, broadening the application of perovskite QDs in
luminescent sensors, photovoltaic solar cells, and other optoelectronic devices.
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7. Patterning of MOF-TFs

There are several ways to prepare patterned MOF-TFs following previously discussed synthesis
strategies. The patterning strategies can be grouped into three categories, i.e., bottom-up patterning of
the substrate surface, top-down patterning of the substrate surface, and patterning of templates.

Patterned substrate surface via the bottom-up strategy can be realized by patterning functional
groups on the substrate surface that either supports the growth of MOFs or prohibits it on desired
areas. UCP is the most popular technique to pattern SAM layers for the fabrication of patterned
MOEF-TFs [59,107,125,191]. Precise SAM patterns (e.g., dots, squares, and lines), facilely prepared by
the uCP technique, can result in accurately controlled MOF patterns. Besides SAMs, other alternatives
can assist the patterned fabrication of MOF-TFs. Liang et al. [192] reported the fabrication of patterned
MOF-TFs on substrates based on printed protein patterns (Figure 15A). Protein patterns of bovine
serum albumin (BSA) were created on Si wafers and PET polymer films via stamping that transferred
the aqueous BSA solution. Then, MOF precursor solutions were added onto the BSA patterns to form
MOF crystals confined to the patterned areas. The patterning of MOFs can be achieved only on BSAs
because BSAs can rapidly accumulate metal cations and organic ligands in solution, which accelerated
the growth rate of MOFs on the pattered area. For the synthesis of ZIF-8 TFs and patterns, a fresh
mixture of zinc acetate and 2-mIm was prepared in deionized water and transferred onto the BSA
patterns. ZIF-8 patterns were obtained after 12 h. A similar process was performed for the fabrication
of patterned Lny(BDC); MOEF-TFs and patterns. A fresh mixture of LnCl; (Ln = Tb, Eu, and Ce) and
NayBDC was prepared in deionized water and transferred onto the BSA patterns. After 30 s of reaction,
LMOF patterns were obtained. By this means, ZIF-8 and luminescent Lny(BDC)3 MOF-TFs (including
patterns) can be achieved on both rigid and flexible substrates.

Other fabrication techniques based on the bottom-up strategy are also available for MOF-TFs.
As mentioned previously, ECD methods are quite accessible in the fabrication of patterned MOF-TFs.
Li et al. [145] created desired patterns by writing PDMS on a conductive FTO substrate surface to
fabricate patterned MOF-TFs via ECD. According to the insulating nature of PDMS, Ln(OH)3; was only
electrochemically deposited on the surface area without PDMS, thereby resulting in the formation
of patterned Ln-MOF TFs on the exposed FTO glass surface. These LMOF-TFs and patterns are of
interest in the fields of MOF-based biosensors, bio-medical devices, color displays, anti-counterfeiting,
and potentially aids in crime scene investigation.

Patterned substrate surfaces can also be made via the top-down strategy. Navarro et al. [193]
reported the preparation of patterned MOF-TFs based on a patterned substrate via laser ablation
(Figure 15B). In this study, brass sheets were used as substrates and patterned physically by using
laser irradiation to create lines, dots, and holes on the substrate. A 20 W Nd:YAG laser technique
was used for ablation, which created different roughness for different areas on the substrate. Porous
substrates with 1.6% and 18% porosities and 20-32 mm effective micro-perforation diameters were
obtained. After creating different surface roughness, the formation of ZIF-8 TFs followed traditional
solvothermal synthesis in an autoclave at 100 °C for 4-8 h, depending on different samples. Varied
surface roughness would lead to different nucleation and growth rates of ZIF-8 TFs, which resulted in
the patterning of ZIF-8 TFs. Other than this, the formed ZnO from Zn oxidation during laser irradiation
was likely another key factor to promoting the preferred formation of ZIF-8 TFs on the laser-irradiated
areas. The obtained ZIF-8 pattern on porous brass sheets exhibited excellent separation performance
for Hy/CH4 and He/CH4 mixtures, showing separation factors of 14.4 and 8.7, respectively.
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Figure 15. (A) Schematic showing the biomimetic replication of MOF patterns using a protein pattern.
SEM images of (a) ZIF-8 and (b) Lny(BDC); MOF-TFs via the biomimetic replication. Photograph
under UV light of (c) Lny(BDC)3; MOF-TFs formed with various mixing ratio of Eu, Tb, and Ce ions
in the precursor solution; (d) Euy(BDC)3 (red), Tbo(BDC);3 (green), and mixed Lny(BDC)3 (yellow)
patterns; and (e) Tby(BDC); dot microarrays. (Reproduced with permission from Liang et al., Advanced
Materials; published by Wiley-VCH, 2015.) (B) SEM images of (a) inlet (rough) and (b) outlet (smooth)
sides of a laser-irradiated brass support (inserted enlarged perforations and EDX atomic compositions),
and ZIF-8 TFs grown on (c,d) each side indicated by arrows, and on (e) linearly irradiated and (f)
non-irradiated regions of the brass support. All scale bars, 100 um. (Reproduced with permission from
Navarro et al., Journal of Materials Chemistry A; published by Royal Society of Chemistry, 2014.) (C)
The coordination replication and mesoscopic architecture concept, and SEM images of (a) the Al,O3
pattern and (b-h) the same sample after replication at 140 °C for 1, 4, 6, 10, 20, 40, and 60 s, respectively.
All scale bars, 1 pm. (Reproduced with permission from Reboul et al., Nature materials; published by
Nature Publishing Group, 2012.)

In addition, patterned MOF-TFs can be made by patterning self-sacrificing metal oxide or
hydroxide templates. Reboul et al. [194] demonstrated the fabrication of patterned AI(OH)(NDC)
MOE-TFs via self-sacrificing synthesis based on a patterned Al,O3 template (Figure 15C). The 2D/3D
Al Oj3 structures were prepared through a sol-gel process with polystyrene beads as the hard templates
at 100 °C, which were removed through calcination at 580 °C for 7 h before the conversion of Al,O3 to
Al(OH)(NDC) MOFs. The obtained Al,O3 templates were placed in a microwave container containing
an aqueous HyNDC solution, followed by a microwave treatment at 180 °C for 10 min. The microwave
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treatment was performed at 180 °C for 1 min. The microwave treatment to make mesoporous and
macroporous structures of AI(OH)(NDC) MOFs was performed at 180 °C for 1 min. The resulting
Al(OH)(NDC) MOF architectures with hierarchical porosity presented enhanced selectivity and mass
transfer for water/ethanol separation due to the hydrophobic micropores of AI(OH)(NDC) and the
mesopores/macropores inherited from the parent aerogels. The room temperature separation selectivity
for water/ethanol was 2.26 for microporous Al(OH)(NDC) MOF crystals, 2.56 for the mesoporous
structure, and 1.84 for the macroporous structure. It was suggested that the smaller pore size of
the mesoporous structure and the higher exposed surface area of AI(OH)(NDC) MOF within this
architecture allowed higher ethanol retention and improved separation selectivity. Other than using
hard templates, photolithography is another way to direct the preparation of metal oxide templates
to fabricate patterned MOEF-TFs [195]. Moreover, hard templates can be applied in the interfacial
synthesis of MOFs to achieve patterned MOF-TFs [128].

8. Conclusions

In conclusion, this review summarizes the current progress on the manufacturing of MOF-TFs,
from the general fabrication techniques to the modification and patterning techniques. All the reported
techniques in the synthesis of MOF-TFs were discussed, including their advantages and disadvantages,
which can guide advancement in the fabrication processes of MOF-TFs to realize more controllable,
scalable, and greener processing.

MOEF-TFs, fabricated using different strategies, perform differently due to the differences in
the resulting grain size, surface roughness, film thickness, film stabilities, etc. Although extensive
studies have been carried out, the fundamental understanding of the MOF-TF formation process,
including precursor reaction kinetics, surface reaction kinetics, reactant transport, film nucleation,
and growth, is still at an early stage; more research is needed before the application of MOE-TFs at the
industry scale. Considerable progress needs to be made to realize the controlled and green synthesis of
MOEF-TFs, especially for scale-up production, despite the emergence of many fabrication strategies for
functional MOF-TFs.

Currently, direct synthesis and secondary growth strategies based on traditional
hydro/solvothermal batch synthesis are still two of the most extensively used methods for their
easy conduction. However, they possess a time-dependent growth rate for MOF-TFs, lending difficulty
in controlling the fabrication process, which may result in an uncontrollable film thickness, and surface
morphology. Moreover, the batch reaction often requires a high cost from large reactant consumption
and waste production. Furthermore, there is a potential safety issue when using a high-pressure
reactor. LBL deposition, ECD, DC deposition, and SC deposition are prevalent in the manufacturing
of MOF-TFs and patterns. The LBL deposition strategy can realize the fabrication of many types of
MOF-TFs and enable precise control of the amount and location/distribution of functionalities for
tailored properties. It offers excellent control over the film thickness, gives rise to highly oriented and
uniform TFs, and enables the fabrication of more complex MOF heterostructures. However, it shows
its limitation on the fabrication of some types of MOF-TFs on specific substrates, and a slow growth
rate for MOF-TFs.

Moreover, to achieve uniform films, the volume of precursor solutions used for the substrates to be
immersed in is much larger than that of the substrate, contributing to a significant amount of solution
wastage. The ECD strategy allows the rapid fabrication of defect (cracks and pinholes)-free MOF-TFs
with controllable thicknesses. Relatively uniform and compact deposits can be made in template-based
structures; ECD also has the advantages of higher deposition rates and inexpensive equipment due
to the non-requirements of either a high vacuum or a high reaction temperature. However, it is
limited to electrochemical deposition of non-conductive MOF-TFs on conductive substrates. Moreover,
metal ions with high inertness could separate on the cathode, and the organic linkers may be oxidized.

Both the DC deposition and the SC deposition are simple methods to fabricate MOF-TFs. They can
achieve thin uniform TFs with a wide range of thicknesses (from nm to um). Both methods utilize small

91



Processes 2020, 8, 377

equipment that is less expensive than the setup in many other methods (e.g., ECD, HoP, and ALD),
and they do not require high energy processes. These two techniques are ideal for coating MOF-TFs
on flat substrates, not curved or flexible ones. Besides different operation procedures, there are
several distinct features of these two techniques. First, the DC technique is available in large-scale TF
manufacturing while the SC technique can only be applied to small substrates. Then, the drying time
needed in DC deposition is significantly long while that in SC deposition is short, which may alter
the film formation process due to the different times. Both methods result in high solution wastage.
Similar to the LBL deposition, the DC deposition also requires a solution reservoir to immerse the
substrate. The volume of the solution is much higher than the size of the substrate, leading to a high
quantity of solution wastage. During SC deposition, the majority of the solution is cast off, resulting in
high levels of solution wastage.

There are other types of fabrication techniques that have been reviewed that show an ability for
controllable fabrication of MOF-TFs and patterns. Despite their novelty, there are many obstacles to
broadening their application. For example, the HoP technique can realize the fabrication of various
MOEF-TFs on flexible materials with controllable scale, which could be of interest in flexible electronics.
However, it requires high thermal stability of MOFs and substrates.

Considering the requirements of scale-up production with effective cost, the commercialization of
MOEF-TFs appears quite challenging. Despite the development of novel techniques to achieve green
synthesis in terms of reduced chemical consumption and low waste production, which also significantly
influences the production cost, it is hard to fulfill other requirements. For example, the ALD technique
offers an easy way to control the film thickness at an atomic level and is available in the fabrication of
multilayer structures. However, it only works on certain types of MOFs that use volatile but thermally
stable organic precursors. Moreover, ALD equipment is expensive, and the process is slow, which
increases the operation cost. ECD and DC methods are promising in realizing large-scale controllable
manufacturing of MOF-TFs and patterns. However, they could not satisfy the strict requirements for
low cost and green synthesis. Although the equipment used in these techniques could be relatively
low, the ECD technique requires high energy input while the DC technique contributes to high levels
of waste production. Currently, there is no ideal technique that can satisfy all the requirements
for commercialization.

The recent advancements in the continuous-flow microreactor and process automation lead to new
opportunities in advancing the progress on commercializing MOF-TFs. The synthesis of MOFs using
systems involving microfluidics has been widely investigated [64]. Due to its small size, a microreactor
can offer several advantages, including fast mixing of the reactants, an efficient way for mass and
heat transfer, and precise control of the reaction dynamics. [196] The use of less liquid volume allows
for greener synthesis and lowers the production cost. Besides, current progress in using automatic
methods for MOF synthesis demonstrates promising results in the manufacturing of freestanding fine
powders (including nanocomposites) [64,197] and membranes [64] on porous supports. However,
there is no implementation of microfluidic-assisted techniques for the fabrication of MOF-TFs and
patterns on the substrate surface. Coupling microreactors with current state-of-the-art deposition
techniques to fabricate MOF-TFs could realize more exceptional control over synthesis conditions.
It has the potential to enable more scalable, controllable, and greener synthesis in terms of controlling
the TF formation process, shortening the fabrication time, reducing reactant consumption and waste
production, and allowing for mechanical automatization amenable for scale-up. A wide range of
film thicknesses (from nm to pm) and areas (from nm to cm) could be obtained on heterogeneous
hierarchical TFs and patterns via microfluidic-assisted techniques. Moreover, it is known that the
formation of highly ordered MOF crystals occurs first via an assembly of primary building blocks to
define the secondary building blocks (SBUs) and then to the MOF crystallites [198]. Therefore, SBUs are
the ideal seeds for the growth of MOF crystals [199,200]. However, the SBU-assisted secondary growth
strategy is currently limited to the fabrication of bulk MOFs. Yet, it is promising in supporting TF
fabrication without introducing foreign elements in the desired MOF structures.
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Although extensive investigations and significant progress have been made for MOFs, due to
their enormous chemistry possibility, there remains considerable room for future exploration and
advancement. This review summarized and analyzed existing manufacturing techniques for MOF-TFs,
including patterning, offering direction to researchers for the next generation development of MOF-TF
processing, and building a foundation to realize the commercialization of MOFs, of which cost control
and scale-up production are the two cores.
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Abstract: Plasmonic-active nanomaterials are of high interest to scientists because of their expanding
applications in the field for medicine and energy. Chemical and biological sensors based on
plasmonic nanomaterials are well-established and commercially available, but the role of plasmonic
nanomaterials on photothermal therapeutics, solar cells, super-resolution imaging, organic synthesis,
etc. is still emerging. The effectiveness of the plasmonic materials on these technologies depends
on their stability and sensitivity. Preparing plasmonics-active nanostructured thin films (PANTFs)
on a solid substrate improves their physical stability. More importantly, the surface plasmons of
thin film and that of nanostructures can couple in PANTFs enhancing the sensitivity. A PANTF
can be used as a transducer for any of the three plasmonic-based sensing techniques, namely, the
propagating surface plasmon, localized surface plasmon resonance, and surface-enhanced Raman
spectroscopy-based sensing techniques. Additionally, continuous nanostructured metal films have an
advantage for implementing electrical controls such as simultaneous sensing using both plasmonic
and electrochemical techniques. Although research and development on PANTFs have been rapidly
advancing, very few reviews on synthetic methods have been published. In this review, we provide
some fundamental and practical aspects of plasmonics along with the recent advances in PANTFs
synthesis, focusing on the advantages and shortcomings of the fabrication techniques. We also
provide an overview of different types of PANTFs and their sensitivity for biosensing.

Keywords: plasmonics; localized surface plasmon resonance (LSPR); biosensing; thin film; gold
nanostructures; lithography; nanohole array; nanofabrication

1. Introduction

Plasmonics is the study of interactions of light with plasmonic-active materials. It is an active field
of research in nanotechnology bearing numerous potential applications in the field of biomedical science
and energy, including chemical and biological sensing, photothermal therapeutics, super-resolution
imaging, surface-enhanced Raman spectroscopy, solar cells, photocatalyst for organic synthesis,
etc. [1-3]. The surface of plasmonic-active materials consists of confined surface plasmons, which
are the coherent oscillation of free electrons [4]. A thick planar metal surface in contact with two
dielectrics on the opposite boundaries support two independent surface plasmons. Interestingly,
in a nanometer-thin planar metal-dielectric interface, surface plasmons on the opposite boundary
couple with each other enhancing the electromagnetic field [5]. When the frequency of light waves
(electromagnetic waves) matches that of surface plasmon, light waves can couple, excite, and propagate
the surface plasmons at the metal-dielectric interface, called propagating surface plasmon resonance
or surface plasmon polaritons (SPP) [5] (Figure 1a). However, simply hitting the smooth planar
surface by light source does not match the frequencies of light and surface plasmon. The matching of
frequencies can be achieved by enhancing the frequency of light using the attenuated total reflection
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or diffraction through different coupling devices [5]. The commonly used coupling devices for the
excitation of surface plasmons on thin film are prism, waveguide, and grating. Among these, a prism in
Kretschmann configuration has been extensively used in SPP-based biosensors as shown in Figure 1a.
The excited surface plasmons can propagate tens to hundreds of microns along x and y axis on planar
metal films, whereas the evanescent field produced on z axis decay exponentially with distance [5].
The change in refractive index near plasmonic-active planar thin film alters the evanescent waves
changing the properties (angle, wavelength, intensity, and phase) of the light wave, which can be used
as a probe for sensing molecules [6].
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Figure 1. Schematic diagrams illustrating the excitation of surface plasmons from (a) thin film using
prism as a coupling device, generating propagating surface plasmon or surface plasmon polariton
(SPP), and (b) nanoparticle, generating a localized surface plasmon resonance (LSPR). The typical
spectra that can be obtained after the surface plasmon excitation are shown on the right.

Unlike SPP, the surface plasmons of zero-dimensional nanostructures (e.g., nanoparticles, nanorods,
nanostars, etc.) can be excited by the direct incident of light on nanostructures (Figure 1b). The excited
surface plasmons resonate locally around the nanostructures with the frequency called localized surface
plasmon resonance (LSPR) [4]. The LSPR depends on the shape, size, and composition of nanostructures
as well as a change in the refractive index around nanostructures [7]. With the advancement of the
plasmonics field, it is now possible to design a wide variety of zero-dimensional nanostructures with
controlled shapes, sizes, and compositions [8]. This helps to tune the LSPR peak wavelength from UV
to IR regions for desired applications. In general, pointy nanostructures have sharp peaks and are more
sensitive toward change in the refractive index [9]. A smaller nanostructure of a particular material
typically has sharper peak and initial peak wavelength falls at lower wavelength region compared to
larger nanostructures of the same material [10]. However, the shift of peak wavelength with the change
in refractive index is higher for larger nanoparticles but with a broader peak. The sensitivity of the
silver nanomaterial is better than other metals, but it is prone to oxidation for use in many applications.

Although SPP-based biosensor has emerged as a leading technology for biosensing, LSPR-based
biosensor bears great potential because of simple instrumentation and low cost with better sensitivity
for molecular adsorption process [11]. Similar to SPP, LSPR also senses molecules and their interactions
by monitoring the change in refractive index around nanostructures, commonly to the short-range
(below 20 nm) owing to the shorter decay length of LSPR. However, recent studies have shown that
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even long-range refractive index sensing (>100 nm) is possible using ordered arrays and lines of
plasmonic nanostructured films [12]. Therefore, the field of plasmonics is focusing on simultaneous
excitation and coupling of surface plasmon of planar thin film and nanostructures, creating different
nanostructured films or plasmonic metasurfaces. It was found that 30 nm thick continuous gold
film under the array of disk or line nanostructures prepared using electron beam lithography cause
plasmonic enhancement with the surface-enhanced Raman scattering (SERS) enhancement factor of
107 for thiophenol detection [13]. Plasmonic-active nanostructured thin films (PANTFs) are unique
type of nanostructures, which have the properties of both thin films and individual nanoparticles. The
necessity of exploring PANTFs arises due to (1) possibility of improving sensitivity of LSPR/SERS
sensors due to coupling of neighboring nanostructures, (2) poor stability and reproducibility of
individual nanostructures, (3) ease of systematic study from ordered structures, and (4) generating
both LSPR and SPR simultaneously. The planar nanometer-thin film is 2D nanomaterial itself and is
plasmonic-active, but we are not considering it as a PANTE The PANTF must have other nanostructured
features besides nanometer thickness and should be directly on contact with each other through the
same materials throughout the substrate. Therefore, discrete nanostructures arrays, such as triangular
nanoprism prepared using nanosphere lithography technique, are not the focus here as it is beyond the
scope of this review. Excellent reviews on synthesis and applications of such structures have been
covered elsewhere [14,15].

2. Composition of PANTFs

A wide variety of materials can produce plasmonic resonance. Some of the commonly explored
materials for plasmonic-based applications are gold, silver, copper [16], aluminum [17], palladium [18],
titanium nitride (TiN) [19], graphene [20], quantum dots [21], etc. Although Au and Ag are most
explored for different applications, other material bears their unique advantages. The research on the
plasmonic properties of other materials are still in the early phase. The Ag PANTFs have sharper LSPR
peak and are highly sensitive compared to other material. However, quick oxidation of Ag can be
a problem in many technologies. Researchers have deposited atomic layer thick alumina on top of
Ag-based PANTFs by employing the atomic layer deposition technique, which avoids the oxidation of
Ag without losing its plasmonic properties. Au PANTFs can trade-off the sensitivity of Ag PANTFs
for stability.

Besides being inexpensive, aluminum is the material of choice when plasmonic peaks need to
be in the UV region for applications. The plasmonic peak of gold and silver cannot reach UV region.
The plasmonic peak of Al can also be tuned along the visible and near-infrared (NIR) regions. On
the other hand, graphene-based PANTFs show plasmonic resonance peaks in the mid-IR region [20].
Additionally, it was found that fabricating Au nanostructures on graphene nanomesh greatly enhanced
the LSPR peak [22]. TiN shows LSPR peaks on visible and NIR region with weaker plasmonic response
than Au and Ag at room temperature but is very stable at higher temperature owing to its bulk
melting point of 2930 °C [19]. This leads to the applications in the preparation of high-temperature
nanophotonic devices.

3. Substrates

The PANTFs are most frequently prepared on SiO, substrates (traditional glass, fused silica and
quartz), Si wafer, mica and different types of polymeric materials. The choice of the substrate depends
on the objective of the study and available techniques. The SiO, substrates are the most widely
used substrate for preparing PANTFs because of their low cost, easy availability, and transparency.
These substrates can be easily coated with indium-tin-oxide (ITO) to make it conductive. The
conductivity of the substrate is advantageous for the fabrication of PANTFs, such as during deposition
by electrochemistry techniques [23] or to prevent charging during patterning on the electron beam
lithography technique [24]. Although SiO; is an optimal substrate for transmission-based plasmonic
sensing, Si wafer and mica can be used for reflection-based plasmonic sensing. Moreover, Si wafer-based
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PANTFs prepared on the large area can be easily cut into smaller chips owing to its single crystalline
nature. Among different polymeric substrate, poly (methyl methacrylate) (PMMA), polyethylene
terephthalate (PET) and polycarbonate (PC) are commonly used for creating PANTFs. Besides being
inexpensive and transparent, these substrates are highly flexible [25]. It was found that depositing
thin layers of TiN on PMMA and PET shows similar plasmonic response as that of TiN deposited on
SiO,/Si [26]. In another study, large-area hexagonal gold nanohole arrays were fabricated by transferring
gold film from silicon template to PC film by thermal annealing followed by the template-stripping
method [27]. Chuo et al. took advantage of the flexibility of PET to prepare roll-to-roll embossing of
plasmonic-active Aunanohole arrays on a 2000 ft production roll with the sensitivity of 180 nm/RIU [28].
This type of structure is advantageous for high-throughput chemicals and biomolecule detection.

4. Intermediate Layer for Stabilizing PANTFs

The intermediate layer between the substrate and PANTFs has a very important role in the
stability and sensitivity of the structure. For many applications, PANTFs need to be strongly bound
to the substrate. For example, in biosensing applications, PANTFs should be very stable in water or
biological matrixes. Peeling off the PANTFs layer even in a small amount could be problematic for the
reproduction of the data. Commonly, the glass substrates are coated with a thin layer of titanium or
chromium before depositing the plasmonic materials. However, these non-plasmonic metal layers are
known to dampen the sensitivity of the PANTFS due to absorption of light and interference for plasmon
resonance, which broadens the LSPR peak [29,30]. They can also be the site for the non-specific binding
of biomolecules [31]. Najiminaini et al. compared the effect of the Cr and Ti adhesion layer on the
plasmonic property using a nanohole array [32]. They found that the optical resonance bandwidth of
LSPR peak depends both on the composition and thickness of the adhesion layer. More importantly,
removing 10 nm thick titanium adhesion layer from nanohole array by etching drastically decreases
the optical resonance bandwidths. Another study has found that Cr can interdiffuse more with Au to
form Cr-Au alloy than Ti, suggesting Ti is the optimal adhesion layer for Au-based PANTFs [33]. The
adhesion layer has been engineered to minimize the plasmonic damping by depositing less than 1
nm adhesive, which prevents the layer to overlap with the hotspots of PANTFs [34]; however, thinner
layer of adhesive also means low stability of PANTFs.

Different types of self-assembled monolayers (SAMs) with the terminal thio-group, including
organosilanes, have been created to attach gold and silver-based PANTFs. Comparative measurements
have shown that organic adhesion layers are better with the low plasmonic damping compared to
metal-based adhesion layers [30]. However, organic adhesion layers are not compatible with many
solvents used in the lift-off process during lithography techniques. A technology to stabilize PANTFs
on the substrate without compensating the sensitivity is still a need.

5. Fabrication of Plasmonic-Active Nanostructured Thin Film

There are varieties of deposition methods available for the preparation of thin films, which can be
broadly grouped as, (1) physical/chemical vapor deposition (2) sputtering (3) chemical/electrochemical
deposition [35,36]. In vapor deposition techniques, a desired solid material is evaporated, commonly
using elevated temperature, electricity, or electron beam, and deposited on the substrate as a thin
film with or without reacting with substrate and hence called chemical vapor deposition (CVD) and
physical vapor deposition (PVD), respectively. In sputtering techniques, the solid target is bombarded
with high energy gaseous plasma or ions to eject atoms of target, which is deposited as a thin film
on the substrate. Both vapor deposition and sputtering are commonly performed under vacuum to
improve the quality of thin films. In chemical or electrochemical deposition method, precursor salts
of the desired materials are reduced to deposit nanostructures on conductive film. Although these
deposition techniques can deposit films of different thicknesses on the substrate by varying deposition
parameters, they may not be able to create a wide variety of desired nanostructures on the substrate.
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The PANTFs can be prepared on the substrate by employing different strategies as shown in
Figure 2. The first and popular method is by depositing thin film of plasmonic materials on the patterned
structure created by template/mask. The second method is by depositing a thin film of plasmonic
materials directly on the nanostructured substrate. It is common to design a nanostructured substrate
using template/mask and etching the substrate to generate the pattern. The third method involves
depositing a thin film of plasmonic materials on a planar surface followed by adding/subtracting
features/height of the deposited thin film. Finally, the fourth method involves transferring the already
plasmonic active films or individual nanostructures on the substrate. Unsupported PANTFs are of
less interest for biological applications because of physical instability; therefore, they are commonly
prepared or transferred on the surface of inert substrates, such as glass, silicon wafers, and mica

for applications.
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Figure 2. Schematic of commonly applied strategies for the synthesis of plasmonic-active nanostructured
thin films starting from (a) deposition on patterned template, (b) deposition on patterned substrate, (c)
deposition on planar substrate, and (d) transfer on planar substrate.

5.1. Patterned Template for PANTFs Synthesis

Varieties of templates have been used on the substrate along with different deposition techniques
to design the desired PANTFs. The general approach for the fabrication of many template-based
PANTFs are nearly the same, which involve creating a patterned structure on top of the substrate
and deposition of the materials of interest on or around the patterned structures. Some methods
require removing the template or mask after deposition to create the PANTFs, whereas others create
the PANTFs without the removal of the template or mask. Here we discuss some of the most used
template-based PANTEF synthesis methods.

5.1.1. Electron Beam Lithography (EBL)

It is one of the most powerful techniques for nanostructure formation with nanometer-scale
precision in designing shape, size, and arrangement [37,38]. Consequently, the surface plasmon
resonance peak can be tuned over wide wavelengths. The typical steps in the EBL technique involve
spin-coating of a thin film of resist on a solid support, designing desired patterns on resist using a beam
of electrons, developing the resist, depositing the desired metal, and finally, removing the template
(lift-off) [39]. The exposure of electrons beams to resist change its solubility allowing selective removal
of either the exposed or non-exposed region. The commonly used positive resist for EBL is poly(methyl
methacrylate) (PMMA) which can be developed (solubilize) using a mixture of methyl isobutyl ketone
(MIBK) and isopropyl alcohol and removed during lift-off step using acetone. EBL has been widely
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used for creating a range of plasmonic-active arbitrary nanostructures as discrete arrays or films. The
nanostructures designed by EBL have better reproducibility compared to random nanostructures
prepared using different deposition techniques. They are also suitable for modeling experiments and
understanding properties of nanostructure with the controlled variation of shape, size, and spacing.

Despite its many advantages, the EBL technique for PANTF synthesis is time-consuming, costly,
and requires expertise in the field [8]. Moreover, the substrate must be conductive to avoid charging
effect. A thin layer of conductive material (e.g., ITO, Au, or Al) is commonly deposited in between
the substrate and resist or on top of resist to achieve conductivity. The nanostructure formed is less
sensitive due to plasmonics damping than the nanostructures prepared using other methods. These
limitations of EBL hindered the large-scale fabrication of PANTFs.

5.1.2. Nanosphere Lithography

Nanosphere lithography (NSL) was developed to overcome the shortcoming of EBL techniques.
It is a simple, cost-effective, and high-throughput periodic nanostructure fabrication technique capable
of designing a wide variety of nanostructures [40]. In a typical NSL fabrication method, a suspension
of polystyrene or silica nanospheres is drop or spin-cast on the substrate to form a hexagonally
close-packed self-assembled monolayer [41]. The distance between the nanospheres can be controlled
by different means. One method is to etch the hexagonally close-packed nanosphere using reactive ion
etching (RIE) until the desired gap between the nanosphere is obtained [42]. The other method includes
electrostatically separating nanospheres by controlling the concentration of the salt in the colloidal
solution [43]. The former method can still create an array of periodically patterned nanostructures,
whereas the latter may not have perfect periodicity. The monolayer of the nanospheres can now
act as a substrate for the direct deposition of film over spheres creating PANTFs. It also acts as a
mask for the deposition of plasmonic materials. After the deposition, the polystyrene spheres can
be easily removed using physical methods (e.g., tape stripping, sonicating, etc.) or treating with
organic solvents (e.g., absolute ethanol, chloroform, DCM, toluene, etc.) to create PANTFs. In the
NSL technique, the peak wavelength of LSPR can be tuned by changing the diameter of nanospheres,
changing the distance between nanospheres and by varying deposition parameters such as time, angle,
etc. However, the NSL strategy is not free from shortcomings. The monolayer of nanospheres can
easily create configurational disorder leading to poorly reproducible PANTFs. Thermal evaporation
of plasmonic materials should be avoided for deposition, as the increase in temperature can easily
damage polystyrene and its arrangement.

5.1.3. Nanoimprint Lithography

The nanostructured mold can be prepared once using techniques having better resolution but
could be expensive and time-consuming including EBL, NSL, etc. As-prepared mold can then be
pressed and attach to the resist on substrate transferring the nanostructured features of the mold to the
resist, called nanoimprint lithography. The curing of the resist is done using UV or heating, followed
by removal of the mold [44]. After etching, the desired plasmonic materials can be deposited followed
by lift-off of resist to obtain desired PANTFs. The same mold can then be used multiple times for
creating copies of exact same PANTFs saving time, cost, and efforts.

5.1.4. Porous Membrane-Based Lithography

Different types of nanoporous thin structures can be fixed on top of a substrate and can be used as
a template for depositing plasmonic materials creating PANTFs. Thin-film porous aluminum oxide
is one of the commonly used templates for creating PANTFs [45,46]. A typical approach involves
depositing a thin film of plasmonic materials on the substrate followed by aluminum. The anodization
of the aluminum to anodic aluminum oxide (AAO) creates high-density arrays of nanopores. The
diameter and depth of the nanopores can be tuned by varying the anodizing potential and aluminum
deposition time, respectively. The PANTFs can be created by directly depositing plasmonic materials
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on thin film of plasmonic materials through holes of AAO by varying different parameters or by
removing the AAO template after deposition to create nanopillars [47,48].

5.2. Patterned Substrate for PANTFs Synthesis

Patterns on the substrate can be prepared by masking the portion of the substrate and etching from
the exposed area. As-prepared patterned substrates are suitable for nanoimprint lithography. However,
the plasmonic materials can also be directly deposited to the patterned surface to obtain PANTFs.

5.3. Planar Thin Films for PANTFs Synthesis

The PANTFs can also be prepared by starting from a deposited thin film of plasmonic materials.
Three different approaches to turn the thin film into PANTFs are by removing the deposited materials,
adding materials, and annealing thin films into nanostructures with some kind of force without
removing any materials.

5.3.1. PANTF by Removal of Material

The simplest approach to create PANTFs from thin films with the removal of thin film material
but without the use of resist or mask is by using focused ion beam (FIB) milling. The FIB can be used to
construct the desired shape or pattern by directly focusing the ion-beam on thin films. The advantage
of this method is that it does not require any template to create nanostructure as in EBL and NSL. This
reduces the tedious fabrication steps. However, this is still time-consuming and expensive for large
scale production. Additionally, the heavier ions, most commonly gallium ions, used for creating the
nanostructures easily contaminate the sample by implanting the heavy metal and have low resolution
compared to EBL [37]. However, with the recent development of technologies, helium ion beams can
now be used to create a nanostructured thin film with a resolution of 3.5 nm [49].

Depositing thin metals alloy film and dissolving the less noble metals from the alloy using chemical
or electrochemical techniques can create PANTFs. Alternatively, thin metal layers can be deposited,
followed by annealing to mix and dealloying to create porous nanostructures. Nanoporous gold and
silver thin films can be created using this method.

5.3.2. PANTF by Addition of Material

In general, depositing materials by changing the parameters of vapor and sputtering techniques
does not create suitable nanostructures on top of thin films without the use of templates. However, wet
chemical deposition techniques, especially the electrochemical method, can produce highly sensitive
nanostructures on the thin films with or without the use of structure-directing agents [50]. The variation
in potential, current, and time can produce different structures. Additionally, this method does not
require high temperature, pressure, and vacuum as needed for EBL and FIB techniques. Although the
PANTTFs created by electrochemical methods are highly sensitive, they are randomly oriented in the
absence of a template making it difficult for systematic study.

5.4. Transfer of Film and Nanoparticles

Plasmonic-active nanostructures can be prepared in a solution phase using various strategies. The
common approach is to reduce the metal salts into nanostructures in the presence of stabilizing agents.
Various nanostructure directing agents and additives can be used to prepare the desired shape and
size. Similarly, plasmonic-active unsupported thin-films can also be prepared on solution either using
a bottom-up or top-down approach. These nanostructures and thin films can be easily transferred to
the substrate to create supported PANTFs. Diverse types of block copolymers can be used to arrange
nanoparticles in the desired orientation.
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6. Characterization of PANTFs

6.1. Sensitivity

The sensitivity of PANTFs in term of SPP and LSPR is commonly reported as bulk refractive index
sensitivity (RIS), which is an output response per refractive index unit. For LSPR, the change in peak
wavelength of extinction spectra (Amax) is directly proportional to change in refractive index (n) and is
given by Equation (1) [4].

A yax = mAn[l — exp(%i)] (1)
where m is the bulk refractive index response, d is the thickness of the adsorbate layer, and /; is
electromagnetic field decay length. However, the sensitivity of PANTFs should be more accurately
represented as a figure of merit (FOM), which is bulk RIS per full width at half maxima (FWHM),
Equation (2).

Bulk RIS

FOM = 2
© Full width at half maxima (FWHM) @

When comparing the sensitivity of different PANTFs, care should be given to different structural
and composition parameters. In general, a PANTF showing initial LSPR peak wavelength at NIR
has higher refractive index sensitivity than the PANTF that has initial LSPR peak wavelength at
the visible region. Therefore, these two structures should not be compared to prove better PANTFs.
The FOM should be included along with the bulk refractive index sensitivity for the comparison of
PANTFs to prove structural improvement. Unlike SPP and LSPR, SERS sensitivity is reported based
on enhancement factor (E), which is highest when the plasmon wavelength is between the Raman
excitation and emission energies [4,51]. Table 1 presents the different types of plasmonic-active PANTFs
with the fabrication methods and their sensitivity.

Table 1. Sensitivity of plasmonic-active nanostructured thin films.

Sensitivity
NS M Fabrication Method d/p/t (nm) Amax (M) pethod R=(nm/RIU),  Ref
Air or N FOM, E
Al EBE/EBL/Etching 220/-/100 510 LSPR R =487 [52]
NH Si template/EBE/peel off 180/500/100 NA LSPR R =450 [44]
NH Si template/EBE/peel off 100/500/200 NA LSPR R =494 [53]
NSL/RIE/deposition 290/-/80 550/790 LSPR R =252 [54]
Ag NSL/RIE/deposition/HF etching 290/-/80 655 LSPR R =648
deposition/FIB 200/545/100 645 LSPR R =400 [55]
NSL/RIE/EBE/lift-off ~300/400/50 672 SERS E=8.13x10° 1561
NSL/RIE/EBE/lift-off/plating <300/400/>50 NA SERS E=3x10°
NSL/RIE/EBE/lift-off 60/-/20 ~620 LSPR R=~70 157]
NH NSL/RIE/EBE/lift-off 60/-/20 675 + 10 LSPR R=~90
(1 hole)
NSL/PVD/lift-off 60/-/20 575 LSPR R =~100 [43]
‘UV-NL/RIE/EBE/lift-off 200/400/50 583 LSPR R =150 [58]
Au NSL/RIE/EBE/lift-off 70/ NA SPP R =>3000 [59]
NSL/RIE/EBE/lift-off 500/-/80 1489 LSPR R =375 1601
NSL/EBE/mask/RIE/mask 500/-/80 898 LSPR R =625
removal/lift-off
. . 600/1000/125 710 LSPR R=530+30
NSL/RIE/sputtering/lift-off FOM = 132 [11]
600/1000/125 NA SPP R =3600 + 200
FOM = 327
EBL/PVD 100/585/50 NA SERS E=~10° [61]
NSL/PVD/lift-off 125/-/40 575 LSPR R=36 [62]
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Table 1. Cont.

Sensitivity

NS M Fabrication Method d/p/t (nm) Amax (nm) Method R = (nm/RIU), Ref

Air or Ny FOM, E
porous Al,O3 imprinted 30.0-39.9/-/50 NA LSPR R=154 [63]

Au . X
. nanopillars of Cyclo-olefin
NPi
polymer/sputter
Au thin film/Porous Al,O3/ED Film t =5 nm NA SPP R = 32,000 [48]
25/60/380 FOM = >330
e 180/400/150 310 SPP R=223 ,

Al LIL/deposition FOM = 8 [64]

180/400/150 413 SPP R =485

FOM =20

NC Al EA (120 V)/removal ALO; /246.3/ 250 LSPR R=191 (65]

EA (195 V)/removal of Al,O3 /456.7/ 350 LSPR R=291
FON Al NSL/PVD 210/-/200 NA SERS E = ~10*-10° [66]
NPA Cu NSL/EBE 100/-/30 580 LSPR R=678 [67]
HA Au THL/EBE 620/620/100 NA SPP FOM =730 [68]
NGF Au Au thin film/ED 100-200/-/200 518 +1 LSPR R=100+2 [50]
NPG Au Dealloyed unsupported thin film 30/-/100 ~510 LSPR R =210 [69]

in HNOs/transferred to substrate 50/-/100 NA LSPR R =264

Notes: NS = Nanostructures; NH = nanohole; NPi = nanopillar; NC = nanoconcave; FON = film over nanosphere;
NPA = nanoparticle array; HA = hexagonal array; NGF = nanostructured gold film; NPG = nanoporous gold; RIS =
bulk refractive index sensitivity; E = enhancement factor; EBE = electron beam evaporation; PVD = physical vapor
deposition; EBL = electron beam lithography; LIL = laser interference lithography; THL = tunable holographic
lithography; ED = Electrochemical deposition; NL = nanoimprint lithography; EA = electrochemical anodization; d
= diameter of hole; p = periodicity and t = thickness of the film; FOM = figure of merit.

6.2. Imaging

The morphologies of PANTFs can be characterized using scanning electron microscopy (SEM),
which helps to determine the diameter and periodicity of nanostructures on a thin film. The thickness
of the PANTFs can be determined using atomic force microscopy (AFM). Dark-field optical microscopy
(DFM) is frequently used for analyzing larger nanostructures (above 100 nm) on thin film [43]. The
DFM is also handy to study single nanostructure on thin film [57].

6.3. Simulations

Finite-difference time-domain (FDTD) calculations were commonly performed on PANTFs to
obtained theoretical plasmonic spectra and are compared with experimental spectra [56]. 3D FDTD
simulation of the time-averaged surface plasmon field intensity can be generated around the edges of
nanostructures. This helps to monitor the change in size and position of the hot spots with the change
in different parameters such as with or without a coating of a thin silica layer on PANTFs [44].

7. Types of PANTFs

A wide variety of nanostructured thin films have been synthesized based on the methods discussed
earlier. However, the general approach of synthetic method is either top-down or bottom-up. In top
down approach, the PANTFs are created after removal of some part of the original material, whereas in
the bottom-up approach material is added. Similar structures can be created using both approaches but
with different strategies. In this part, we discuss the strategies for fabricating some of the most common
types of PANTFs. More specifically, we will discuss PANTFs having three uniquely distinguishable
features, (1) thin films with gaps throughout the film (e.g., nanoholes) and (2) thin films with the
elevated nanofeatures throughout the films (e.g., nanopillars, nanodomes, nanospikes, etc.), and (3)
transferred films

7.1. PANTFs with Gaps

One of the fundamental constraints for manipulating light is that its transmittivity through the
apertures smaller than the wavelength of the photon is extremely low. In 1998, Ebbesen et al. were able
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to transmit photons having wavelengths as large as ten times the diameter of the hole by designing the
array of sub-wavelength circular holes on 200 nm thick silver film [70]. This was due to the coupling of
light with surface plasmons on plasmonic-active nanohole array thin film. They used the FIB technique
to create an array of holes. Zhu and Zhou used FIB to create pentagram nanohole arrays, which
show 2.4 times improvement in the maximum transmission compared to the traditional transmission
due to the excitation of surface plasmons. Recently, many other techniques have been developed
and improved to create nanohole arrays and are used for various applications. Nevertheless, FIB is
still improving and is widely used for preparing nanoholes in varieties of the shape because of its
nanometer resolution and template-free nanostructure forming capacity [49].

The transmission peak wavelength and refractive index sensitivity of the nanohole array depend
on the diameter and periodicity of the hole as well as the thickness and composition of the film [71].
With the increase in diameter of the holes or distance between the holes, the plasmon resonance peak
red shifts [43]. The LSPR bulk refractive index sensitivity of Au nanohole array has been reported from
as low as 36 nm/RIU [62] to hundreds of nanometers [60].

NSL is one of the most used methods for creating nanohole array by controlling different
parameters. Figure 3a shows the strategy to create two different types of silver nanohole arrays using
NSL [56]. This technique involves three important steps, first is reactive ion etching of surface arranged
polystyrene, second is the deposition of the substrate with or without tilting a holder, and final is the
removal of the polystyrene. The shape of the nanohole was found to vary with change in the angle
during metal deposition and hence the sensitivity of the nanostructures. Figure 3b shows SEM images
of hexagonal nanohole array prepared at 0° tilt angle (top) and elliptical nanohole array prepared at 60°
tilt angle (middle). Figure 3b bottom is a nanohole array after electroless plating with Ag. Figure 3c(A)
is a SERS spectrum of nanohole array plated for 4 min with Ag. It shows that as-plated nanohole array
gives better SERS enhancement (enhancement factor = 3 x 10°) than 4 min Ag plated flat silver film (B),
a standard nanohole array (C), and a flat silver film (D).

A single nanohole in the array can show better LSPR sensitivity than a dense hole sample. A
work by Rindzevicius et al. found that Au nanohole (diameter = 60 nm) array prepared using NSL
show LSPR sensitivity of ~70 nm/RIU, which is low compared to the sensitivity of a single hole of the
same array ~90 nm/RIU [57]. They used the single nanohole for the study of successive molecular
adsorption processes. They also showed that the dense hole array can be used for long-range refractive
index sensing up to 100-340 nm preparing Langmuir-Blodgett multilayers composed of 22-tricosenoic
acid [12]. NSL has also been used to prepare 3D-nanohole array, which shows better LSPR response
(1.7-fold enhancement) compared to regular 2D-nanohoe array [60].

Owing to the plasmonic sensitivity of nanoholes, they have been used for studying different
biomolecules and their interaction. The unique advantage of the nanohole array to other nanostructures
is that it can be designed to penetrate through the substrate creating nanofluidic channels [72]. A
biosensor chip having nanohole of 150 nm penetrating through 250 nm gold and silicon nitride
layer supported on Si wafer was designed using NSL to study the interaction between biotin and
NeutrAvidin [72]. Nanohole arrays prepared using the NSL technique show high SPP sensitivity
of >3000 nm/RIU (2-fold improvement compared to thin films) [59]. It was used for detecting
immunoglobulin G with the detection limit 10 nM.
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1. 0,/Ar RIE 2. DepositAg

3. Remove Spheres

Figure 3. (a) Schematic representation of process steps for fabricating nanohole arrays using nanosphere
lithography. (b) SEM images of (top) the resulting large area (~30 X 30 um?) single crystalline hexagonal
nanohole array, (middle) an elliptical nanohole array (60° tilt angle) after nanosphere removal, and
(bottom) after 4 min Ag electroless plating onto the nanohole array. (c) SERS spectra of (A) 4 min Ag
plated nanohole array, (B) 4 min Ag plated flat silver film, (C) a standard nanohole array, and (D) 5x
a flat silver film. All substrates were exposed to 1 mM benzenethiol prior to SERS measurements. P
=0.32mW, t = 180 s, and Amax = 532 nm. Reproduced (a,c) and adapted (b) with permission from
Reference [56], Copyright 2009, American Chemical Society.

The EBL is another popular technique for making nanohole arrays applying different strategies.
One of the strategies involves direct deposition of a thin film of plasmonic material on top of a
patterned nanohole obtained after the development of resist. The PMMA works as a support for the
nanohole array and is not removed. Recently, this strategy was utilized by Luo et al. for preparing
plasmonic-active nanohole array having SERS enhancement factor (E) = ~10°6 and used it to determine
DNA methylation [61]. EBL can also be used for etching and creating nanohole array on substrate,
which can then be used for creating plasmonic active thin film nanohole array by direct deposition of
plasmonic material. EBL is frequently used to create arrays of nanopillar that can then be used as a
nanoimprint stamp for creating ordered nanohole array on resists.

A master template of nanohole array can be fabricated on the substrate using different lithography
techniques. This master template can be used for depositing a thin film of plasmonic material and
template-stripped on to another substrate [73]. After stripping, the master template can be repeatedly
used for making many sets of nanohole array. Therefore, this method avoids needing to repetitively
prepare the template from the beginning using lithographic techniques, saving time and cost. Figure 4A
shows schematic of preparing nanohole array based on the template-stripping method. The steps

113



Processes 2020, 8, 115

include designing a nanohole array on resist film using nanoimprint stamp and etching from the
holes to obtain Si master template of nanohole array. The template can then be coated with a metal
film, which can be stripped from the template to create template-stripped plasmonic-active nanohole
arrays thin film. The SEM image of Si template Figure 4B(a), after Ag deposition Figure 4B(b), and
template stripped plasmonic-active nanohole arrays thin film Figure 4B(c) were shown along with the
photographic images of fabricated nanohole array chip Figure 4B(d) and multi-channel PDMS chip
attached on the silica-coated nanohole array chip (inset in Figure 4B(d)).

Figure 4. (A) Schematic for fabricating the large-area nanohole arrays. (a) A thermal resist layer spun

on a Si wafer is imprinted with a nanoimprint stamp with circular post patterns. (b) The Si wafer
is subsequently etched to be a nanohole template with deep circular trenches. (c) A metal film is
directionally deposited on the Si template. (d) The metal surface is coated with a thin layer of epoxy and
covered with a glass slide. The Ag film is then peeled off of the template to reveal the smooth nanohole
array made in the metal film. The Si template can be reused to make multiple identical samples. (B)
(a) A SEM image of the Si template with deep circular trenches. (b) A cross-sectional SEM image of
the Si template after depositing a 100 nm thick Ag film. (c) A SEM image of the template-stripped Ag
periodic nanohole array. The inset shows a zoomed-in image of the template-stripped Ag nanoholes.
The diameter of the nanoholes and periodicity of the array are 180 and 500 nm, respectively. (d)
A photograph of the fabricated nanohole array chip. A 26.5 mm X 26.5 mm area of 100 nm-thick
Ag film with nanohole patterns in an 8 mm X 8 mm area in the center is transferred to a standard
microscope slide. The inset in panel d shows a photograph of a multi-channel PDMS chip attached on
the silica-coated nanohole array chip. Reproduced with permission from Reference [44], Copyright
2011, American Chemical Society.

7.2. PANTFs with Elevated Nanofeatures

The PANTFs with the elevated nanofeatures can be prepared using different fabrication strategies.
Broadly, fabrication strategies can be grouped into template-based and template-free techniques.
Reflectance spectroscopy is frequently used for measuring the response from these elevated PANTFs
when the light cannot transmit throw the film.

7.2.1. Film over Nanospheres

One of the simplest approaches to create elevated PANTFs is by directly depositing plasmonic
materials over hexagonally close-packed nanospheres to create a film over nanospheres (FON). By
tuning the size of nanospheres and thickness of the deposited plasmonic materials, the LSPR spectra of
FON can be tuned across the entire visible region [74]. The PANTFs prepared using this method can
also highly enhance the SERS signals. Zhang et al. prepared very stable AgFON substrates to quickly
detect anthrax spores [75]. Calcium dipicolinate, a biomarker for bacillus spores, was extracted and
detected using SERS within 11 min with a limit of detection of ~2.6 x 10° spores. The same group
later modified the AgFON with atomic layer deposition of alumina layer improving the stability of
the AgFON from nearly 1 month to 9 months and improving the detection limit of anthrax spores
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to ~1.4 X 10% spores [76]. Masson et al. etched the hexagonally close-packed nanosphere before the
deposition to tune the gap between the spheres [77]. They found that optimal SERS response can
be obtained when a ratio of a gap to the diameter of a sphere is less than 1. They also observed
that the optimal excitation wavelength and roughness improve SERS response. They also studied
the role of the position of a metal layer on bimetallic films. SERS response was improved when Au
layer was prepared on top of Ag layer but decreased when Ag layer was prepared on top of Au layer.
Improved structure to the bimetallic films could be preparing a hybrid structure of AgFON and Au
nanoparticle as shown in Figure 5 [78]. Figure 5a—c are SEM images of (a) AgFON prepared on 505
nm polystyrene bead, (b) AuNP-AgFON hybrid structure, and (c) cross-section of (b). Figure 5d is
SERS spectra of benzenethiol from AuNP-AgFON-505, AgFON-505, and AuNP-Ag film showing
three prominent Raman bands. The AuNP-AgFON-505 shows ~30 times larger SERS enhancement
compared to AgFON-505, indicating the significant improvement of the SERS response. Figure 5e—f are
Raman mapping images of AuNP-AgFON-505 and AgFON-505 at 785 nm excitation laser, respectively.
Figure 5g-g2 are FDTD simulations of E-fields on AuNP assemblies on AgFON-505, zoomed in image
for dimer AuNPs, and crevice gap, respectively, in AuNP-AgFON-505 system.
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Figure 5. SEM images of AgFON-505 (a), AuNP-AgFON-505 (b), with cross-sectional image of
AuNP-AgFON-505 (c). Raman spectra of AuNP-AgFON-505, AgFON-505, and AuNP-Ag film
substrates (d). Raman mapping images of AuNP-AgFON-505 versus AgFON-505 at 785 nm excitation
laser (e,f). (g) FDTD simulations of E-fields on AuNP assemblies on AgFON-505 substrate at 785 nm laser
wavelength. Partially enlarged image for dimer AuNPs (g1) and crevice gap (g2) in AuNP-AgFON-505
system. Reproduced with permission from Reference [78], Copyright 2016, American Chemical Society.

7.2.2. Array of Nanodomes and Nanopillars

One way to prepare these types of PANTFs is by one step deposition of plasmonic materials on
nanofeatured substrate. However, even without making nanofeatures on the substrate, these types
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of structures can be obtained using a template and two-step deposition. This technique involves
the deposition of a thin planar film of plasmonic material on substrate as a first deposition. The
second deposition is carried out after patterning the film with resists or nanospheres. Finally, the
elevated array is achieved after lifting off the resist and nanospheres. Figure 6a is a schematic diagram
of the NSL technique to design nanopatterns on the substrate followed by one step deposition to
obtain PANTF. Figure 6b(A,B) are low and high magnification SEM images of the Ag deposited film,
respectively. Figure 6¢(A,B) show changes in LSPR peak wavelength with the change in bulk refractive
index around PANTFs.
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Figure 6. (a) Schematic illustration of preparation of the film over nanowell surfaces. (b) SEM images
of Ag film over nanowell surface [diameter of nanospheres (D) = 510 nm; mass thickness of Ag film
(dm) = 50 nm; and etch time (to) = 10 min]. (A) Well-packed area of over 40 um? and (B) magnified
image of the same sample. The SEM accelerating voltage was 5 kV. (c) (A) Collection of reflectance
spectra of Ag film over nanowell surface in different solvents (D = 590 nm; di, = 50 nm). (B) Plots of
Amin (solvent)-Ap,i, (dry nitrogen) versus refractive index of the solvent for three nanosphere sizes:
D =450, 510, and 590 nm. Each data point represents the average value obtained from at least three
surfaces. Error bars show the standard deviations. For all surface preparations, d, = 50 nm and t. = 10
min. Reproduced with permission from Reference [41], Copyright 2005, American Chemical Society.
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7.2.3. Randomly Oriented Nanospikes and Nanobricks

It is well known that random nanostructures have better LSPR sensitivity and SERS enhancement
compared to their ordered counterparts. Electrochemical methods can create randomly oriented
PANTFs on a conductive substrate without the use of a template. A review of electrochemical
methods for preparing thin nanoporous gold films has been covered in an article previously [79].
The PANTFs can be prepared by either by adding different structure-directing agent or varying the
deposition parameters. SEM images in Figure 7a,b show two completely different morphology of
Au nanostructures prepared as a film with or without adding structure-directing agent. Figure 7a
shows SEM and AFM images of a gold nanospike thin film prepared by providing a constant potential
of 0.05 V versus Ag/AgCl (3M KCl) at different deposition times from HAuCly solution containing
Pb (CH3COO); as a structure directing agent [80]. With the increase in deposition time from 360 s
to 540 s, spike height increases drastically to 302 + 57 nm. The shapes and size of nanostructures
can also be tuned by changing the concentration of structure-directing agent. Figure 7b(A) is an
SEM image of nanostructured gold film (NGF) prepared by providing —1.2 V for 60 s followed by
—1.6 V for 30 s from 50 mM potassium dicyanoaurate solution [50]. Figure 7b(B) shows a typical
reflection-based LSPR biosensing setup, where the fiber optic probe is used for both directing incident
light for the excitation of surface plasmons and collecting the reflected light. The bulk refractive
index sensitivity of the as-prepared NGF was determined by changing the environment of NGF with
different concentrations of glycerol as shown in Figure 7b(C) and was found to be 100 + 2 nm/RIU
with FOM of 1.7. Figure 7b(D) shows real-time interactions of surface-immobilized carbohydrate
mannose with different concentrations of lectin concanavalin A on NGF surface using reflection-based
LSPR spectroscopy.
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Figure 7. (a) Native surface data for the nanospike deposition from precursor solution of 6.8 mM
HAuCly and 1 mM Pb(CH3COO),: column (1) SEM (45° tilted) and column (2) AFM images of
the gold nanospike surfaces as a function of electrodeposition time. The red and white scale bars
are 200 nm and 1 mm, respectively. 2D-FFT data (insets) are shown for the top-down SEM images.
Adapted with permission from Reference [80], Copyright 2018, The Royal Society of Chemistry. (b)
(A) SEM images of nanostructured gold film (NGF) prepared by providing —1.2 V for 60 s followed
by -1.6 V for 30 s (vs. Ag/AgCl (KCl, Satd) from 50 mM potassium dicyanoaurate. Scale bars: 2
um. Insets are the corresponding higher magnification SEM images (scale bars: 0.2 um). (B) Optical
set up for localized surface plasmon resonance spectroscopy in reflection mode. (C) Bulk refractive
index response of as-prepared NGF evident by change in LSPR peak wavelength. (D) Real-time LSPR
response of self-assembled monolayer (SAM)-modified NGF to different concentrations of Concanavalin
A. NGF was surface modified with a mixed SAM of «Man-C8-SH and TEG-SH (1:3). Reproduced with
permission from Reference [50], Copyright 2014, Elsevier Ltd.
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7.3. Transferred Films

The plasmonic-active individual nanoparticles and unsupported plasmonic-active thin films can
be directly transferred to the solid supports creating PANTFs. Lang et al. prepared 100 nm thin film of
nanoporous gold (np-Au) by chemically dealloying gold alloy film in 70% HNOj3 [69]. The size of the
pores of np-Au was controlled by varying the dealloying time from 5 min to 24 to create 10 to 50 nm.
As-prepared np-Au thin film was transferred to glass slides to obtain the PANTFs with bulk refractive
index sensitivity of nearly 210 nm/RIU and 264 nm/RIU for 30 and 50 nm pores, respectively.

8. Conclusions

The PANTFs have garnered huge attention in the field of plasmonics because of their ability to
couple light with surface plasmons causing simultaneous excitation of SPP and LSPR. This can have a
huge implication for improving and miniaturization of plasmonic and photonics-based devices as well
as integrating them with microfluidics, quartz crystal microbalance, and electrochemical devices. In
this review, we discussed propagating and localized surface plasmon resonance and recent advances in
the synthetic methodologies for PANTFs. We also reviewed the advantages of using PANTFs compared
to discrete nanostructures along with the comparison of the sensitivity of different types of PANTFs.

The discovery of PANTFs has led to the integration of plasmonics with quartz crystal microbalance,
microfluidics, and electrochemistry. However, more work is needed in the field for improving sensitivity
and simplifying the system for commercial use. As the research on plasmonics is expanding quickly,
we can expect to see the integration of all the four fields in a single system in the near future.
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