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Abstract This paper presents a review on dip-coating for
fibrous materials, mainly concentrated on the mechanism,
recently developed dip-coating methods and novel func-
tional applications. The emphasis has been made here, to
present theoretical basis of dip-coating-induced film
deposition, especially, the reported works to predict the
thickness based on various processing parameters. Different
modified dip-coating techniques to fabricate deposited films
for fibrous substrate have also been gathered. The scope of
reviewed dip-coating methods are not only conventional
solution and sol-gel-based dip-coating, but also recently
developed vacuum-assisted, spin-assisted, photo-assisted
and multi-layered dip-coating methods. An overview of
reported and potential applications for coated fibrous
materials has also been given, which mainly including self-
cleaning, oil-water separation, conductive textiles, fibrous-
based energy storage devices, and photonic crystals, etc.
This review is intended to give readers a good horizon for
the present status concerning variety of studies and appli-
cations related to dip-coating. An effort has been made here
to report the important contributions in the area of dip-
coating for fibrous substrate, and critical points regarding
future research directions are outlined in the summary.
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1 Introduction

Dip-coating is a facile and economical technique widely
used in many industrial fields to deposit onto any substrate,
including metallic, ceramic, polymer films ,and fibrous
materials, etc. The process could be defined as depositing
aqueous-based liquid phase coating solutions onto
the surface of any substrate. Generally, target materials are
dissolved in solutions which directly coated on the surface
of substrate, then the sedimentary wet coating has
been evaporated to obtain dry film [1-3]. The approach
involves immersing a substrate into the solution of coating
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materials, therefore ensure that the substrate has been
fully infiltrated and then withdraw from the solution
tank. It should be noted that this seemingly simple forma-
tion process of film via dip-coating involves complex
chemical and physical multi-variable parameters.
During dipping and coating, the thickness and morphology
of depositing thin films were determined by many para-
meters such as immersion time, withdrawal speed, dip-
coating cycles, density and viscosity, surface tension, sub-
strate surface and evaporation conditions of coating solu-
tions, etc.

Considering the good machinability and widespread
applications of dip-coating, it has been an increasing topic
in both fluid physics and interface science. The earliest
studies of dip-coating were implemented by directly solu-
tion dipping and coating process, thus improve the surface
properties of fibrous materials. Sol-gel-based dip-coating is
a primary modification of solution dip-coating, and the
deposited films could be better controlled by regulating the
preparation of sol and subsequent gelation process [4, 5].
Furthermore, developed spin-assisted and vacuum-assisted
dip-coating techniques are efficient to improve the infil-
trating between coating solutions and fibrous substrate.
Photo-assisted dip-coating was also applied to control the
coating solution evaporation process, due to the irradiation
effect is beneficial to facilitate film disposition. Multi-
layered dip-coating was firstly studied to increase the uni-
formity and thickness of deposited films, recently it shed
light in the functionalization of fibrous materials. Different
coating solutions were alternately deposited onto the surface
of fibrous substrate, thus achieving the desired functionality.
The initial purpose of dip-coating to improve the mechan-
ical properties, abrasive resistance, spinnability, and wea-
vability of fibrous-based materials, which were not the
scope of this review. The present work was more con-
centrated on the potential functionality of coated fibrous
materials, including the reported self-cleaning, separation,
e-textiles, fibrous-based energy devices, and photonic
crystals, etc.

Herein, it is a description of dip-coating for fibrous
materials, including the mechanism, modified dip-coating
techniques and various functional applications of
coated fibrous materials. The purpose of this review is to
introduce the characteristics and theoretical basis of dip-
coating, and show the state of the art for various dip-coating
techniques. Furthermore, the applications of coated fibrous
materials in the fields, such as self-cleaning textiles, oil-
water separation, electrical conductive e-textiles, and
fibrous-based energy storage devices were gathered. It is
hoped that this review will give motivation for both the
development of novel dip-coating manufacturing methods
and promising application prospects of coated fibrous
materials.

2 Mechanism and theoretical basis of dip-coating

One of the most important aspect of dip-coating process is
the thickness of deposited films, which is the basis of var-
ious physical, chemical properties and applications. It is
known that various parameters, including dip-coating time,
withdrawal speed, coating solution concentration, compo-
sition and temperature have strong influence on the thick-
ness of deposited films. A series of papers have been
published to investigate the effect of processing parameters
on the thickness of deposited coatings [6—10]. Whatever the
coating approach, efforts were made to understand the dip-
coating mechanism, which both fibrous surface and coating
solutions coexist in the film deposition process. Initially,
various empirical equations have been developed to exploit
the characteristics of coatings, but the results usually proven
to be paradoxical due to the complex factors.

Furthermore, several theoretical formulas were estab-
lished to solve this problem, such as the famous Landau-
Levich theory, which predict the thickness of deposited
films via the following equation:

U\ /2
1 = 0.944C1/0 ("—) (1)
rg

where C,, is the capillary number and given by C, =nU/S; 1,
o, and p denote viscosity, surface tension, and the density of
coating solutions, respectively; U is the withdrawal speed
and g is the gravitational acceleration constant. Groenveld
also constructed a model to estimate the thickness which
emphatically considered the flow, the resulting equation as
follows:

n=1J <W> v (2)

124

where J is the dimensionless flow. It should be noted that
both eqs.1 and 2 are valid in the case of C, < 10~ and for
Newtonian fluid. To investigate the dip-coating process of
high viscosity solutions such as sol-gel dipping, Guglielmi
and Zenezini [11, 12] established the following equations:

P
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where 1, is heat-treated coating thickness, p,, is the density
of heat-treated coating (g cm™) and ¢ is the concentration of
coating solutions (g cm™). Dimensionless flow J should be
experimentally determined and measured, and various
thickness of coatings could be obtained by changing the
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concentration of solutions and withdrawal speeds. Young
and coworkers [13] reported that the increasing concentra-
tion of erbium acetate coating solutions results in an
increase of coating layer thickness, and the thickness of
coating layer is positively related to the viscosity of coating
solutions. In addition, the increasing erbium oxide rate also
increases the coating solutions, lower velocity of coating
solutions fluid drainage results in the thicker coating layer.
The reason could be explained that the higher viscosity, the
slower coating liquid moves downward. The obtained
model provides reasonable trends for coating thickness on
planar substrate under the gravity-driven drainage and
evaporation of coating solvent.

The parameters such as withdrawal speed, dip-coating
time, coating temperature, and distance are gradually
interesting to investigate the mechanism and processing
conditions. For instance, Roland and coworkers [14]

observed that the average thickness decrease with

(a)
80 - NCOOH/NVP solution ratio
a 2
! e 15
re 1
E N .
€ W v 0S5
»
b4
Y
B w4
& .
£
e B :
-
t -
0 - Y v Y v 4 v L
( 1 b 4 3 4 b

Dip coalting rate (mmv/min)

(<)

Thickness va speed for @ifferent vystem a 25°C

aaad FMS.L.26
° -~ >
N e® . FSHL-25
- - o A
.%, o at 2 i
* - - .. .
» - »
1w » - - FTul »
i . fepev - . o 2
. - S ° * NiSi-28
] - - by *
- L - -
F - «® p¥ - -25
--‘0 et =" 'I
= BT 429
o S
Modol
:
oo LR} ' 10
Swend (s s 4)

Fig. 1 a Thickness of films dip-coated from the NCOOH/VP solutions
with different molar ratios [14]; b film thickness as a function of dip-
coating rate (withdrawal speed) from CHCI3, THF, toluene and
dioxane solvent, respectively [15]; ¢ evolution of thickness versus
withdrawal speed for various coating systems formed at room
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dip-coating rate in certain range, which is suitable to films
dip-coated from solutions of all NCOOH/VP molar ratios as
shown in Fig. la. Figure 1b described the curves for CHCl;,
THF, toluene, and dioxane solvent, which contain
10 mg mL™"' PS-P4VP with equimolar NCOOH. The results
confirmed that the deposited films varies with dip-coating
rate as a V-shaped wave [14]. The works of Faustini et al.
[16] further confirmed this tendency, and the slope of curves
varied with different processing parameters, including the
coating solution properties, substrate and evaporation con-
ditions, as shown in Fig. lc. For thickness could be
described by the sum of the contribution of each regime,
which leads to semi-experimental model shown in Fig. 1d
inset. It links the final thickness to the coating solution
properties and processing conditions, which is mainly
composed of solution composition constant (K;), rate of
evaporation (E) divided by the product of speed u times the
dimension L of the substrate (represented as E(Lu)™") and
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solution physical chemical characteristic (D) times the
speed u(Du*”), which describes the viscous drag regime of
deposition [17]. Furthermore, it has been indicated that the
typical log-log evolution of thickness vs. withdrawal speed,
and main regimes of deposition are clearly visible under
extreme conditions, while minimum thickness could be
obtained for intermediate regime.

The approximately V-shaped dependence of film thick-
ness on dip-coating rate could be explained by the combi-
nation of two reported competitive dip-coating regimes
[16, 18]. A semi-experimental equation has been reported
by Grosso and coworkers to investigate the effects of che-
mical and dynamic processing conditions on the fabricated
membrane deposited on the surface of fibrous materials
[15—17]. The established model emphatically considered the
intrinsic characteristics of coating solutions covering both
the capillarity and draining regimes, which is an additional
important parameter affecting the film thickness. The
capillarity regime theory indicated that the minimum of
slow dip-coating, which is governed by capillarity feeding
of the developing film as solvent evaporates, thus leading to
thicker films as dip-coating rate decreases. And the draining
regime dominating the high dip-coating side of the mini-
mum, that is the usual regime used for dip-coating, where
film thickness increases with dip-coating rate. The equation
has been verified for metallic, ceramic, polymeric, and
porous substrates, and the regime schematic diagram could
be seen in Figs. 2a—c [16]. However, for sol-gel-based dip-
coating, the films deposition process normally starts with a
coating solutions composed of ethanol, water, silica, and
various surfactants mixture. The withdrawal speed should
be sufficiently low to ensure the proper balance between
substrate surface and multiple component coating solutions.
The factors concerning the deposition of films, including the
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Fig. 2 a—c. Schemes of the dip-coating method for both capillarity and
draining regimes at low and fast withdrawal speeds, respectively [16];
d the dip-coating set up illustrates the surfactant templating mechan-
ism. Both micelle alighment and self-assembly of micelles with

(b)

(c)

evaporation of solvent, self-assembly of micelles and inor-
ganic phase, and the condensation of deposited networks, as
shown in Fig. 2d [19].

For the dip-coating process with extremely low with-
drawal rate, coating solvent was evaporated from the edge
of meniscus and then the coating solution is raised to the
edge of the meniscus by capillary force. The phenomenon
of coating solutions induced by capillary flow is commonly
known as the coffee-ring effect, and the edge of the
coating solution is pinned to the substrate due to
upward capillary flow. Higher coating temperatures could
effectively facilitate the capillary flow of coating solutions,
thus resulting in larger thickness of deposited films, as
shown in Fig. 3a for silica-PVP hybrid films [20]. The
evolution of of coating solutions evaporation rate vs. tem-
perature is shown in Fig. 3b—d, which displays minimum
thickness (f,;,), experimental value of solution consuming
rate (E/L) and critical speed (1) vs. temperature in three
studied systems, respectively [16]. It should be noted that
temperature has a similar slope for three systems, and
evaporation dominates the formation of film due to capil-
larity feeding.

The cross linking conditions of coating solutions and
coating times have also been investigated, the results of
deposited layer thickness as a function of dipping time
could be seen from Fig. 4. For covalently cross-linked
mussel-inspired dendritic polyglycerol coatings as shown in
Fig. 4a [21], the films quickly increased and reached
approximately 60 nm after 10 min and a maximum thick-
ness of 3.4 pm after 4 h on silica substrates. However, the
thickness of coordination-based coating solutions just
reached 10 nm after 12h of deposition, as observed from
Fig. 4b, which was due to the fewer cross-linking groups
and relatively weak bonding conditions [21].

Draining
regime

(d)

the inorganic phase occur in and above the dynamic meniscus
region within a short time scale [19]. a—c Copyright 2010,
American Chemical Society; d copyright 2006, American Institute of
Physics
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Fig. 3 a Dependence of film
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Fig. 5a shows the curves of thickness vs. distance for
graded mesoporous titanium oxide films under varying dip-
coating speed from 0.2 to 10 s™" [22]. Further, the thickness
under different distance conditions at 10s™" with different
dilutions as shown in Fig. 5b, and the results could be
explained by the combined effect of viscosity and eva-
poration for concentrated coating solutions. Fig. Sc displays
the experimental and predicted thickness of graded films
following linear, logarithmic, or square power increases
along with the dipping distance from an initial withdrawal
speed[22]. The approach was also generalized to other
systems as shown in Fig. 5d, where linear graded films
made from sol-gel-derived silica, colloidal metal-organic
framework ZIF-8, and PS-b-PEO block copolymer,
respectively [22]. In particular, the fabrication of these
gradient films were performed via dip-coating under opti-
mized conditions, and thickness-dependent self-assembly
process was investigated.

Compared with the precision deposition methods mainly
for highly uniform metallic layer, such as chemical vapor
disposition, physical vapor disposition, atomic layer dis-
position, and sputtering disposition, dip-coating show
unique advantages in fibrous materials coatings. Almost any
aqueous coating solutions could be easily deposited on
substrate surface if proper processing conditions are
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applied. The dip-coating process don’t need special equip-
ment, and films could be successfully fabricated even in the
most simple laboratory conditions. Furthermore, it is parti-
cularly suitable for the continuous industrial production of
large area membrane-coated fibrous materials, such as
filament, yarn, and fabric, etc. Fibrous materials coated by
dip-coating approach have been widely used in the appli-
cation of hydrophobic, electric conductivity, antibacterial,
separation, transducer, drug delivery systems, and energy
devices. However, the porosity of fibrous materials is
intrinsically an obstacle for the precise control of thickness
and structure compared with metallic or ceramic substrates.
Currently, not much effort has been dedicated to solve this
problem even the interaction process between fibrous sub-
strates and coating solutions has not been fully understand.

3 Methods of dip-coating for fibrous materials

In this section, various modified dip-coating techniques to
fabricate deposited films onto fibrous substrate surface have
also been provided. The scope of gathered dip-coating
methods, including facile solution dipping, sol-gel-based
dip-coating, vacuum-assisted, spin-assisted, photo-assisted,
and multi-layered dip-coating methods. The basic
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Fig. 4 Time-dependent thickness of the (a) covalently and (b) coor-
dinatively cross-linked mussel-inspired dendritic polyglycerol coatings
on silica surfaces [21]. Copyright 2014, Wiley

characteristics of various dip-coating methods as shown in
Table 1.

3.1 Directly solution dip-coating

Solution dip-coating is the simplest technique for film dis-
position on fibrous materials surface and is generally used
in scale-up coating production. As one of the most widely
used process in textile manufacturing, dip-coating is also
called starch finishing or sizing. During this approach, yarns
or filaments are dipped into sizing agent solutions to
increase the strength and reduce the breakage for sub-
sequent weaving. This solution dip-coating process also
shed light in tailoring the interfacial properties of fiber
reinforced composites. It has been reported that self-
assembled graphene oxide interlayers are easily fabricated
by solution dip-coating infiltration for carbon fiber rein-
forced polyimide composites [33]. Carbon fabric reinforced
phenolic composites modified with potassium titanate
whisker (PTW) were also prepared by a solution dip-coating
technique, and assisted with ultrasonic processing and
heating to evaporate the solvent [23]. Furthermore, porous
interfacial region could also be fabricated by dipping fibers

into monoclinic ZrO, suspensions, where different particle
size were taken to tailor porosity [34]. The modified
interfacial region could also overcome interfacial incom-
patibility issues in fiber reinforced composites. It has been
demonstrated that the interfacial properties of cellulose-
based bio-composites could be tailored through deposition
process from solution onto the cellulose substrate carried
out by simple dip-coating. The schematic diagram of the
fabrication procedure used in this work in presented in
Fig. 6 [35]. The fabrics were dipped into the aqueous
solutions of poly (ethylene glycol)-based amphiphiles,
and then dried in vacuum drying chamber. Afterwards, the
composites were produced by compression molding via a
stacking procedure using square samples of pretreated
fabrics [35]. Ni catalyst could be deposited on the fiber
surface using electroless dip-coating method, which is
beneficial to the growth of CNTs, thus improve the
storage modulus and interfacial shear stress [36]. Therefore,
it can be concluded that solution dip-coating is an efficient
method for mechanical improvement and functional
fabrication of composites materials through interfacial
tailoring.

Recently, it has been reported that the resistance of
electrical conductive cellulose-based fibers could be con-
trolled in a wide range by varying the parameters of dip-
coating into CNTs solutions [24]. Lotus effect could be also
achieved by two-step dipping process into silica micro-
sphere suspension and silica sol, respectively, which is
time-saving and multi-shape applicable [37]. Similarly, zinc
oxide films was successfully grown on cotton fibers surface
via dipping into zinc chloride, and subsequent zinc acetate
aqueous solution with alkaline drops continuously added
under magnetic stirring [38]. Solution dip-coating is an
efficient method to improve the bio-compatibility of fibrous
materials, such as the reported hydroxyapatite/chitosan
nanohybrid coatings on porous carbon fiber felts [39] and
biologically active chitosan-coated lyocell fibers [40]. Apart
from mostly studied aqueous solutions, poly(methyl
methacrylate) was also taken as dipping solutions, for
instance, the reported poly(methyl methacrylate)-based
coatings incorporated with hydroxyapatite applied for ultra
high molecular weight polyethylene [41, 42]. Compared
with conventional aqueous solutions, poly(methyl metha-
crylate) showed the unique advantages such as excellent
adhesivity and tribological performance. In addition, metal-
organic precursor was coated on the end of single optical
fiber by solution dip-coating process, and then decomposed
in a propane flame to prepare high-resolution fiber-optic
interferometer [43]. The method is fast and easy in com-
parison with commonly used physical sputtering deposition
and thermal evaporation methods, and is a promising
technique in the fabrication of high performance fibrous
materials.
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3.2 Sol-gel dip-coating

Sol-gel technique is one of the most commonly emerging
chemical approach for textiles finishing, which is efficient,
low cost, less chemical consumption, and excellent func-
tionality [44]. The process of depositing zirconia coatings
onto woven fabric via sol-gel process has been also
investigated, where zirconia sol was synthesized using
hydrothermal technique [45]. To improve the fracture
resistance of fiber reinforced composites and modify fiber-
matrix bonding conditions, tetragonal zirconia interfacial
layer was introduced by sol-gel dip-coating for reinforced
fiber [46].

During sol-gel process, the starting precursors com-
pounds consist of metalloid element and various ligands,
whereas silicon alkoxides and titanium alkoxides are the
most common precursors. Dip-coating is a facile approach
for the application of sol-gel in film disposition onto fibrous
materials surface. For instance, anatase titanium coatings
have been successfully fabricated by sol-gel dip-coating
process on aluminium oxide fibers [47]. Moreover, a series
of boron-doped silica sols were applied to wool fabric
through the dip-coating sol-gel process to improve flame
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retardance and thermal stability [25]. Flax fibers were
functionalized by grafting TiO, film via dip-coating pro-
cess, which exhibited significant improvement in mechan-
ical properties [26]. It should be noted that composites sol—
gel has been an emerging finishing method for fibrous
materials, such as SiO,/TiO,-doped cationic coating [48],
hybrid SiO,/HTEOS/CPTS sol [49], F/TiO, hybrid sol [50],
and cationic SiO,/TiO, hybrid sol for transfer printing [51].
Especially, cationic SiO,/TiO; hybrid sol is synthesized and
coated onto cellulose fabric surface, which could be used in
the transfer printing of disperse dyes. The procedure of
cellulose fabric modification and fabric transfer printing as
shown in Fig. 7. Cellulose fabric was immersed into
cationic SiO,/TiO, hybrid sol at room temperature for 30
min and dried. Then red lump and pattern were printed to
transfer paper through an inkjet printer, and then transferred
to cellulose fabric to obtain the color pattern [51].
Compared with directly solution dip-coating, sol—
gel-based dip-coating is a more complex dynamic process,
which is closely time-dependent evaporation-induced con-
centration and viscosity gradients during sol-gel self-
assembly. The coating solutions of sol-gel dip-coating for
fibrous materials is always non-Newtonian fluids, solvent
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Table 1 Summary of various dip-coating methods

Examples

Disadvantages

Advantages

Methods

Easy operation, potential for scale-up production Poor uniformity, relative weak bonding Potassium titanate whisker (PTW)-filled carbon fabric [23]; Carbon nanotubes

Solution dipping

(CNTs) coated cellulose fiber [24]

conditions

Wool fabric treated by boron-containing silica sols [25], TiO, thin film on

natural cellulose fiber [26]

Sol-gel dip-coating Efficient of fibrous materials functional finishing Chemical reaction on fibrous surface

with oxide

Dip-spin-coating for microstructured lithium-ion batteries [27]

High demand of equipment

Uniformly deposited film, accelerate deposition

Spin-assisted

Two-step dip-coating for solar cell electrodes[28], Single fiber-based

supercapacitor [29]

Relative low efficiency

Multi-layer dipping Good uniformity, multi-layer structure coating

Vacuum-assisted dip-coating on Al,O3 hollow fiber [30], Graphene oxide-

coated cotton fabric [31]

Complicated dip-coating devices

A wide range of substrates, facilitate coating

solution deposition

Vacuum-assisted

Photo-assisted growth of silver nanoparticles [32]

Benefit to improve the decomposition of coating Complex photo-chemically evaporation

Photo-assisted

approach

precursors

evaporates, and the coating process simultaneously indu-
cing a variation of viscosity, density, and surface tension,
etc. Grosso et al. [16] reported that the phenomenon such as
viscosity variation, evaporation cooling, chemical reaction,
and thermal Marangoni flow may not have to be taken into
account during sol-gel dip-coating process. Various
experimental parameters are discussed together, and a semi-
experimental equation has been established to characterize
the deposited films on the surface of fibrous materials.

3.3 Spin-assisted dip-coating

Conventional solution dip-coating and sol-gel dip-coating
process is based on the solid-liquid inherent interaction
between surface tension and fibrous materials substrate.
However, in spin-assisted dip-coating process, coating
solution is scattered onto the center of a rotary table with
fibrous materials. The film could be successfully deposited
on the substrate under centripetal forces and evaporation
conditions [52-54]. A typical spin-assisted coating device
as shown in Fig. 8a, substrate was mounted in a Teflon
holder and then rotated horizontally using a spinner [55].
Dip-coating followed by rapid spin drying is also an con-
ventional form of spin-assisted dip-coating, the apparatus as
shown in Fig. 8b. The dip-spin process was achieved by
applying a voltage to the fan, and further dipping and
spinning steps could be applied according to various sub-
strate loading. Mathematical description of Newtonian fluid
coating on rotating disk was developed for the production of
television screens prepared by the rotational casting of a
phosphor loaded slurry [27]. By considering centripetal and
viscous forces acting at any point within the coating solu-
tion, the deposited film thickness, & (m), was established to
be independent of the initial film thickness, A, (m), for long
times and fast spin speeds [56]. The deposited film thick-
ness could be calculated by the following equation:

h= |2 (6)

w \[ 4pt

where p is the density (kg m™), and 7 is the viscosity g (Pa
s), of the fluid, w is the angular velocity of rotary disk (s"),
and ¢ is the spin time (s). Furthermore, hot spin-assisted dip-
coating technique was developed by heating substrate to
required temperature. During the spin-assisted process,
large thermal mass of crucible molten glass produce a
temperature gradient through the substrate, then the inter-
facial region between substrate and film reaches a tem-
perature where the glass may flow [57]. In my opinions, this
hot spin-assisted dip-coating method has the potential
advantages in fiber reinforced composites. Especially, for
the fabrication of thermoplastic composite reinforced with
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Fig. 6 Schematic representation
of dip-coating for cellulose
fabric and the fabrication
procedure of fabric reinforced
bio-composite via compression
molding [35]. Copyright 2015,
Elsevier
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fabric, where the fabric could be preheated by hot spin-
assisted process to improve the interfacial interaction.

It has been demonstrated that the spin-assisted process
utilizing centrifugal force, viscous force, air shear, and
electrostatic interactions causes adsorption, which could
facilitate the rearrangement of polymer chains when coating
solution deposited onto substrate [58]. Despite the film-
forming process assisted with spinning is much more time-
saving than conventional dip-coating process, highly
ordered internal structure could be obtained. Especially, it is
feasible to predict and precisely control the thickness, even
the architectural feature and surface roughness of deposited
film could be well designed. Roberts et al. [27] described a
new and economic route for the formation of three dimen-
sional microstructured battery electrodes. The application
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process begins by dipping the substrate into a coating
solution, and then followed by rapid spinning to obtain
uniformly deposited film. In addition, titanium dioxide films
were fabricated on the o-aluminium oxide substrates using
the sol immersion and spin-coating process. The resulting
titanium dioxide films exhibited more uniform titanium
dioxide grains on the deposited film and increased photo-
catalytic activity [55]. It should be noted that the develop-
ment of spin-assisted layer-by-layer assembly method [59]
would broaden the horizon for spin-assisted dip-coating
onto fibrous materials substrates. The researches [58, 60]
indicated that the combination of layer-by-layer assembly
and spin-coating is an efficient way to accelerate the film
deposition process. Moreover, it has been indicated that
coating solution concentration and spinning rate are the two
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Fig. 8 Diagram of a sol-gel spin-coating device [55]; b dip-coating process followed by rapid spinning [27]. Copyright 2013, Elsevier

main parameters for deposited film thickness, and high
stratified structure with well-defined layer could be obtained
by spin-assisted layer-by-layer assembly [61]. The key
technical points of spin-assisted layer-by-layer assembly
could be applied to the dip-coating process, thus taking the
potential advantages of spin-assisted technique, such as
rapid film deposition, structure design, and dipping process
control. The spin-assisted process should emphatically
considering the intrinsic properties of fibrous materials, for
instance, the porosity and flexibility, which would facilitate
the adsorption and flow of coating solutions.

3.4 Multi-layered dip-coating

Multi-layered dip-coating was initially studied to improve
the uniformity or increase the thickness of single dip-coat-
ing deposited film. The simple multi-layered dip-coating
process as shown in Fig. 10a, b, coated fibrous materials
were prepared via two-step dip-coating procedures. Fabrics
were dipped into different coating solutions successively to
achieve the functional complex of deposited layers. Com-
pared with single dip-coating process to fabricate deposited
film for fibrous materials substrates, the repetition of dip-
coating is more efficient and applicable to produce multi-
layer deposited film. For instance, transparent conductive
indium tin oxide (ITO) film could be prepared on optical
fiber through a multiple step dip-coating process [62, 63]. In
details, the fiber was dipped into the ITO sol, then dried,
annealed, cooled, and treated by ultrasonic wave. Steady
multi-layer conductive ITO film-coated quartz optical fibers
could be obtained by repeating the above-mentioned pro-
cess. Figure 9a showed the schematic diagram of graphene
oxide-coated carbon fabric by dip-coating, carbon fabrics
are pulled out from suspension by from the graphene oxide
suspension equivalent pulling forces. Surface morphology
of original carbon fabric and coarse surface with different
layered structures from graphene oxide sheets, as shown in
Fig. Ob—f. It is obviously observed that the graphene oxide

layers covered on the surfaces of the carbon fibers are
increased with the increase of dip-coating cycles [33].
Dolay et al. [64] fabricated metal core piezoelectric fibers
for structural sensing and driving properties through multi-
layered dip-coating process. The results indicated that
decreasing the slurry temperature during dipping process is
suitable to reduce the number of dip-coating steps, and
benefit to achieve high aspect ratio metal core piezoelectric
fibers. In addition, multi-layers could be prepared by
hybrid-coating solutions consist of different sized silica and
polystyrene particles through multi-layered dip-coating
process [65]. Pigmented multi-layer protective coatings was
also prepared by repeatedly alternating a layer of resin
deposited by dipping [66]. Furthermore, Pu et al. [28]
developed a two-step dip-coating technique to prepare Ag
nanowire networks onto polyethylene terephthalate (PET)
substrates. The PET substrates were firstly immersed into
Ag nanowire solutions and dried, afterwards, the substrates
were tuned vertically to conduct the second-step dip coat-
ing. Thus the Ag nanowire networks-coated PET substrates
with order-enhanced analogous crisscross arrangement was
successfully prepared. It can be seen that the repeating of
multi-layered dip-coating process could not only increase
the thickness or improve the uniformity, but also manu-
facture the coatings with given functionality.

Compared with the repeated dip-coating process of sin-
gle coating solutions, multi-layered dip-coating for different
coating solutions show more advantages considering the
synergistic effect of deposited layers. It should be noted that
multi-layered dip-coating is different from layer-by-layer
assembly, which is fabricated by alternately dipping a
charged substrate into aqueous solutions of oppositely
charged materials with intermediate steps of rinsing in water
[59]. Multi-layered dip-coating of various coating solutions
is mainly to achieve the functional superposition by several
deposited film. A novel graphene coaxial fiber super-
capacitor consist of wet-spinning core graphene fiber and
facilely immersing coated graphene sheath could be
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Fig. 9 a Schematic diagram of graphene oxide-coated carbon fabrics
via dip-coating process; SEM images for b original carbon fiber,
carbon fiber coated by the graphene oxide interlayers for ¢ 5, d 10, e.

successfully fabricated by multi-step dip-coating process.
Graphene fiber was firstly dipped into polymer electrolyte
gel, graphene oxide gel then reduction, and immersing into
polymer electrolyte again, as shown in the schematic dia-
gram of Fig. 10c [29]. The obtained cross-section structure
of graphene coaxial structure with core fiber and cylinder
sheath as two electrodes could be seen from Fig. 10d. The
coating thickness and structure could be well controlled by
changing the number of coating cycles and the concentra-
tion of various coating solutions [29]. The fabrication is
facile and easy to achieve the multi-functional synergies of
each deposited layer. And this multi-layer dip-coating pro-
cess is benefit to broaden the applications of fibrous mate-
rials, such as in the fields of supercapacitor, lithium ion
battery and electrode plate, etc.

3.5 Vacuum-assisted dip-coating

Vacuum-assisted dip-coating technique was recently
developed to obtain a complete coverage of nanoparticles
on the support substrate surface with minimum defects,
including metallic and ceramic fiber, etc. Mesoporous o-
alumina and Pd-a-alumina layers have been deposited on
macroporous o-alumina hollow fibers by vacuum-assisted
dip-coating technique. During dipping process, a vacuum is
applied on the opposite side of the membrane to improve
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the absorption of coating solutions [30]. In addition, porous
y-alumina tube could be activated with palladium nuclei by
dipping into chloroform solution of palladium acetate, fol-
lowed by reduction with aqueous hydrazine at room tem-
perature. Then coated with y-alumina protecting layer by
sequentially dipping, firing, and cooling. Finally, this tube
was subjected to electroless plating by applying a vacuum-
assisted process from the inner side of tube. The vacuum-
assisted dip-coating process provide a new route for the
fabrication of tubular membrane with a novel configuration
[68]. Smith et al. [69] has developed a solvent-based fluid—
liquid—solid approach for the growth of semiconductor
nanowires. Flexible Ge nanowire fabric was made by
vacuum-filtering a dilute dispersion of nanowires in
chloroform. It has been reported that yttria-stabilized zir-
conia electrolyte membrane was deposited onto the outer
surface of the presintered NiO-YSZ hollow fiber using a
vacuum-assisted dip-coating technique. The anode fibers
was firstly sealed at one end and then dipped into the sus-
pension of yttria-stabilized zirconia [70]. Bazzarelli et al.
[71] investigated the properties of styrene-butadiene-styrene
triblock copolymer composites membranes, which prepared
by vacuum-assisted solvent evaporation process. And the
vacuum-assisted dip-coating produced coating layers was
successfully applied on vinyl acetate comonomer hollow
fibers. Nickel foam structure and PDMS were successfully
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Fig. 10 a. Schematic of the two- two-step dipping process
step dipping process for silica Fabric substrate Superamphiphobic fabric

microsphere suspension and
silica sol [37]; b. two-step dip-
coating procedures to prepare
superamphiphobic fabrics [67];
¢ and d fabrication process and
the cross-section structure of
graphene coaxial fiber
supercapacitor with a core and a
cylinder sheath as the electrodes
[29]. a Copyright 2011, Royal
Society of Chemistry; .b
copyright 2013, American
Chemical Society; ¢ and d
copyright 2015, Royal Society
of Chemistry

mimicked into free-standing three-dimensional graphene
foam via facile vacuum-assisted dip-coating process.
Vacuum infusion treatment graphene foam results in a
resilient and flexible composite, which exhibited typical
fracture behavior and controllable sensitivity for sensor
applications [72].

To obtain uniform coatings of zeolite particles on the
polymer-based fibrous supports, a vacuum-assisted dip-
coating apparatus was set up as shown in Fig. 1la, the
substrate to be coated was taped onto a fixed porous metal
plate supported by a holder. In addition, the effects of
coating dispersion concentration and particle size were
studied. The results indicated that smaller particles were
found to be more prone to cracking than larger particles,
while smaller particles were advantageous to improve
adhesion with substrate, obtain thinner thickness, and for
tiny inter-particulate pore size [73]. Recently, Tang and
coworkers [31] reported that vacuum-assisted dip-coating
could be effectively fabricate graphene oxide nanosheet
coated cotton fabric, the deposition process as shown in
Fig. 11b. The fabrication process of cellulose-based com-
posite via the combination of vacuum-assisted dip-coating
and hot press could be seen from Fig. 11c. Compared with
the most studied solution dip-coating and sol-gel dip-
coating technique, vacuum-assisted dip-coating show
unique advantage in more widely substrates, such as
metallic, ceramic, and high performance polymer-based
supports. Also it should be noted that vacuum assistant dip-
coating technique is efficient to fabricate uniform coatings
onto fibrous substrate.

PVDF-HFP' FAS

solution

S
Dip- coating

Dip-coating

9  Graphene sheet

SGF GCS Polymer electrolyte

3.6 Other modified dip-coating methods

Photo-assisted dip-coating technique is the process that the
film fabricated under the auxiliary of photo conditions. For
instance, mixed solution of zirconium-octylates and
yttrium-octylates was dip-coated on a substrate and
decomposed into yttria-stabilized zirconia thin films by
heating under vacuum ultraviolet light irradiation [75]. The
results indicated that active oxygen generated by the photo-
assisted process is benefit to facilitate the decomposition of
precursors. Calcined titania thin films was also immersing
into methanolic solutions of silver nitrate with differing
concentration to produce films with a variation in surface
silver loadings, then the silver nitrate coated films were
photo-irradiated to fabricate nanoparticulate silver [32].
Sliver surface loaded titanium oxide thin films were suc-
cessfully fabricated by a modified spray-deposited method,
followed by dipping into methanolic solutions of silver
nitrate and photo-chemically evaporation approach, as
shown in Fig. 12a. Methanol is beneficial to prevent the
recombination processes of electron-hole pairs generated
during irradiation, thus driving the reduction of surface
absorbed silver(I) ions [76]. Compared with conventional
dip-coating process under the self-assembly evaporation of
coating solutions, photo-assisted growth of deposited film is
an efficient approach considering the role of photo
irradiation.

Inverse dip-coating technique that consists of dip coating
for inner wall of a preform with a liquid sol of silica and
zirconia precursors has been developed by Brasse et al. [77],
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Fig. 11 a Schematic of the ( a)
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[74]. a and b copyright 2015, e
Elsevier; ¢ copyright 2014,
Nature Publishing Group

Zeolite Y dispersion
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which is suitable for the preparation of nanostructured
optical fibers. However, the obtained nanostructured
deposition films by inverse dip-coating is limited, template-
assisted dip-coating techniques show unique advantages in
fabricating thin films with ordered porosity. Dewalque et al.
[78] investigated the effects of long-range order, percentage
of porosity, pore size and pores connectivity on the
deposited film organization, and porosity. And the micro-
holes could be significantly increased by controlling the
solvent drying process [79]. Template-assisted dip-coating
technique is valid to shorten the traditional calcinations
process for micron-scale thin films preparation exhibiting
high porosity.

Dip-coating process also facilitates the ordered arrange-
ment of one-dimensional nanotubes and nanowires. Stone et
al. [80] studied the effect between long axis-oriented
direction of the dipping fibers and the direction of extrac-
tion, and the withdrawal of fiber from CNTs provides
essential force for the orientation of CNTs along fiber sur-
face. The results indicated that shear forces accompanying
withdrawal of the fiber are greater than any randomizing
influences of Brownian motion, and CNTs could be effec-
tively aligned by this dip-coating steps. Yang et al. [81] also
reported that the dip-coating method could assemble
nanowires directly from coating solutions; thus the pro-
cessing steps required for making one-dimensional nano-
wire-based devices could be significantly decreased. Arrays
of aligned nanowires for large areas was successfully
achieved by programming the stick-slip motion of solvent
contact line during dip-coating process. Based on the
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Fig. 12 a Step-wise illustration depicting the fabrication of the silver
loaded anatase thin films via photo-assisted dip-coating [76]; b sche-
matic diagram of nanowire assembly in the dip-coating process; and ¢
two-step dip-coating process for order-enhanced silver nanowire net-
works [28]. a. Copyright 2011, Royal Society of Chemistry; b and ¢
copyright 2015, Royal Society of Chemistry

academic theory that isotropic one-dimensional nanowires
aqueous solution were ordered or partially aligned toward
anisotropic phase by capillary force along the contact line of
air-liquid—solid interface. Controllable dip-coating process
to prepare silver nanowires networks on PET fibrous sub-
strates as illustrated in Fig. 12c. Silver nanowires adhere to
the substrate and orient parallel to movement direction due



J Sol-Gel Sci Technol (2017) 81:378-404

391

to capillary force, which could be seen from Fig. 12b [28].
The results indicated that perpendicularly crossing networks
was successfully fabricated just by conducting the dipping
direction of two-step dip-coating process. Thus it might be
concluded that the dispersion of one-dimensional materials
could be readily used for fibrous surface deposition to
achieve controlled arrangement of the film via the stick-slip
patterning technique.

4 Functional fibrous materials fabricated by dip-
coating

The initial purpose of dip-coating for fibrous materials are
mainly to increase the mechanical properties, abrasive
resistance, spinnability, and weavability, however, which
are not the focus of this section. For fiber reinforced com-
posites, dip-coating is also an efficient approach for inter-
facial region modification, thus improve the interfacial
strength and bonding conditions of composites [35, 45, 82,
83]. Recently, the functional applications of fibrous mate-
rials via dip-coating have been explored. Compared with the
mostly studied functionalization approach for fibrous
materials, such as graft modification, surface polymeriza-
tion, magnetron sputtering, and vapor deposition, dip-
coating is convenient for the large-scale fabrication of
deposited films. In general, the deposited films prepared by
aqueous solutions or sol—gel dip-coating exhibited excellent
stability considering the penetration effects between coating
solutions and fibrous substrates. The coating solutions could
consist of multi-components to achieve the integration of
multiple functions for fibrous materials. In this section, self-
cleaning, oil-water separation, electrical conductivity, and
energy applications of dip-coating fibrous materials are
described and reviewed.

4.1 Self-cleaning fibrous materials

The self-cleaning surface of fibrous materials could be
obtained both by hydrophobic and hydrophilic effects.
Hydrophobic surfaces, which have high contact angles,
could effectively protect against pollutants and dust during
the usage of fibrous products. While for hydrophilic sur-
faces, the self-cleaning is based on the photocatalytic effect.
When stains and pollutants are stuck on the surface of
fibrous materials, which could be chemically decomposed
by the photocatalytic reactions, the mechanism as shown in
Fig. 13a. With the increasing demand for entire eco-friendly
lifetime of industrial products, self-cleaning fibrous mate-
rials have large potential market globally considering the
unique advantage of reduced water consumption during
textiles laundering and care. Considering the unique
advantages of dip-coating in surface modification, it is

promising in the applications of self-cleaning fibrous
materials.

Among various photocatalytic for self-cleaning textiles,
titanium oxide is the mostly studied due to the relative high
catalytic activity and stability. Velasco and coworkers [85]
reported that the formation of polar functional groups such
as carboxyl and aldehyde, which activated on fabric surface
thus promote a stronger adhesion with titanium oxide. The
reasons could be attributed to the binding of the suspended
and positively charged titanium oxide particles onto the
fibrous materials surfaces during dip-coating preparations.
The effects of titanium oxide-coated self-cleaning cotton
fabric for the degradation of coffee stains as shown in
Fig. 13b, c [84]. It can be observed that the stains gradually
fade away under solar light irradiation. The influence of dip-
coating temperature on the titanium particle size distribution
and average particle size for deposited coatings has been
investigated. The results are benefit to produce variable-
sized nanoparticles-coated cotton fabrics for controllable
self-cleaning properties [86]. Silver and zirconium co-doped
and mono-doped titania oxide were also coated on cellu-
losic fibrous materials via sol-gel dip-coating method. The
results showed that the modification of titanium oxide by
co-doping is an effective technique for increasing the pho-
tocatalytic activity, which could be attributed to the syner-
gistic action both the structural and the electronic properties
of the photoactive anatase phase [87, 88]. Apart from tita-
nium oxide, nanometric thin films were also prepared by
dip-coating and inkjet printing ZnO nanosheets. The side-
by-side aligned ZnO nanosheets on the substrate resulted in
thin transparent, oriented zinc oxide surfaces with the high-
energy {001} toward high photocatalytic activity [9].

The photocatalytic self-cleaning properties of titanium
oxide-based nanocomposites for fibrous materials have been
investigated by dip-coating approaches. It was shown that a
TiO,-Si0, composites photocatalysis could be produced at
temperatures of 100 °C with good photo-activity on non-
heat resistant materials. The mixed titanium oxide and silica
oxide colloids well deposited on cotton fabrics surface
during the dip-coating process and subsequent thermal
treatment, which produced organized structure with highly
dispersed titanium oxide particles surrounded by amor-
phous silica [89]. In addition, Xin et al. [90] prepared
spherical TiO,/SiO, nanocomposites-coated cotton fabrics
via facile dip-coating methods, and the results indicated that
TiO,/SiO, hybrid coatings exhibited better photocatalytic
self-cleaning activity than pristine titanium oxide-coated
cotton textiles. Furthermore, a durable layer of porous Au/
TiO,/Si0, nanocrystallites was presented to enhance the
visible light self-cleaning performance. This visible light-
driven photocatalytic enhancement treatment for flexible
fibrous materials with a high potential for commercializa-
tion in self-cleaning textiles [91]. These photo-catalysis-
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Fig.13 a. Photocatalytic
mechanism of self-cleaning
nanosol-coated fibrous materials
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coated cotton textiles possess significant self-cleaning

properties, such as bactericidal activity, colorant stain
decomposition, and degradation of red wine and coffee
stains.

Surface roughness has also been shown to be a key
approach in generating self-cleaning properties. Inspired by
the natural lotus effect, various bio-mimetic hydrophobic
surface have been fabricated for fibrous materials substrate.
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For instance, silver nanowires were synthesized and coated
onto commercial cotton fibers through a simple dip-coating
process. The obtained cotton fabric showed excellent
hydrophobicity and UV-blocking ability [92]. The hydro-
phobic effect as shown in Fig. 14a—d, which water droplet
could be enduringly non-wetting on the fibrous substrate.
The penetrating capability of one-dimensional nanoscale
materials is beneficial in physically attaching onto the
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Fig.14 Water droplets sitting on

pristine cotton fabric (a and b), (a,
and Danasylan®F 8815 coated
AgNWs-loaded fabric (¢ and d),
goniometer photographs for 5-
pL droplets as shown in (d) [92];
Still frames taken from videos
showing droplets of water on the
dust contaminated fabrics, (e-g)
superhydrophobic coated fabric,
and (h—j) uncoated cotton fabric
[93]. (a—d) copyright 2015,
Elsevier; (e—j) copyright 2015,
Royal Society of Chemistry

fibrous surface. CNTs network armors have also been fab-
ricated on the surface of cotton fibers using a simple solu-
tion dip-coating method. The modified cotton textiles
exhibited super water repellent properties simultaneously
with enhanced mechanical behavior, flame retardancy, and
improved UV-blocking properties. Especially, the excep-
tional electronic properties of functionalized cotton fibers
will find a variety of potential applications in high perfor-
mance fabrics and smart textiles [94]. Furthermore, titanium
oxide hybrid sol was synthesized with tetrabutyl titanate
and a fluoride silane coupling agent, thus enabling pre-
paration of a functional surface with alterable super-
hydrophobic and superhydrophilic wettability under UV-
switchable conditions. To improve the switchable sensitiv-
ity between superhydrophobicity and superhydrophilicity,
various ions were doped and the dynamically modifiable
wettability was investigated in detail [95]. To investigate the
self-cleaning ability, Zeng and coworker [93] placed dust on
the coated fabrics and then cleaned the stained surface by
purging with water. As shown in Figs. 14e—g, the dust could

()

be easily taken away by the moving water droplet, thus
completely clean the surface [93]. However, the dust on the
uncoated cotton fabric was hard to clean in a similar method
as shown in Figs. 14h—j. This indicates that the self-cleaning
properties of treated fabric could be achieved by lotus
leaves of hydrophobic effects. Therefore, it could be seen
that conventional dip-coating method is beneficial for the
fabrication of uniform self-cleaning films onto fibrous sur-
face, both from the aspects of photocatalytic and super-
hydrophobic. The enhanced self-cleaning properties could
be achieved by the modified dipping and coating process,
and various doped solution components for the functiona-
lization of deposited films. In summary, dip-coating is a
promising method to fabricate self-cleaning fibrous mate-
rials and textiles.

4.2 Oil-Water Separation

Oil-water separation is an increasing important area both
for scientific research and industrial applications
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considering that oily wastewater has become the most
common pollutant all over the world [96]. To meet the
growing demand of large-scale oil-water separation mate-
rials, low cost and good reusability processed by easy
techniques are necessary. Compared with traditional tech-
nology, dip-coating treatment of fibrous materials for oil—
water separation is a promising field, and more research
needs to be done in this area to explore the potential
advantages of dip-coating for oil-water separation fibrous
materials. The oil-water separation composites made from
fibrous materials, was usually thought to have good
mechanical stability and flexibility than free-standing
separation films.

Dip-coating is a facile but versatile approach that could
easily achieve surface morphology adjustment and special
coating composition required for controllable wetting
behaviors. Yoon and coworkers prepared a simple, low cost
fibrous composite membrane suitable for gravity-driven oil—
water separation and water purification. The facile dip-
coating approach is readily usable for industrial mass pro-
duction [97]. Para-aminobenzoate alumoxane, boehmite-
epoxide, and polycitrate alumoxane coated on the Kevlar
fabric according to a three-step dip-coating process for oil
separation from oily water emulsions have also been
reported [98]. Nanoparticles-based inorganic/organic
hybrid-coating solutions for oil-water separation fibrous
materials has been investigated, which could integrate the
adhesive of organic solutions and functionalization of
nanoparticles. It has been reported that nanocomposite
coating solutions is a promising approach for preparing
durable oil-water separation fibrous materials by dip-coat-
ing [99]. The nanocomposites help to increase the super-
hydrophobicity, superoleophilicity, —mechanical, and
chemical stabilities. For instance, hydrophobic filtration
polyester fabric was fabricated through dip-coating in the
mixture solutions of poly(dimethyl siloxanes) (PDMS) and
silica toluene dispersion [100]. Typical fibrous materials,
including fabric and sponge were dipped into the silica
nanoparticles-based polyfluorowax hydrophobic hybrid
solutions to obtain superhydrophobic surface. The results
indicated that the resulting superhydrophobic fibrous
materials could be used as functional separation membranes
to effectively separate oil from oily water mixed solutions
[101]. Cao and coworkers [102] prepared films with
excellent superhydrophilic and under-water super-
oleophobic, which could separate a range of different oil/
water mixtures, such as immiscible oil/water mixtures and
surfactant stabilized emulsions. This method can be applied
on organic and inorganic substrates and used in preparing
large-scale product, which has excellent potential in fibrous
materials-based oil/water separation applications.

The mechanism of fibrous materials for oil-water
separation was schematically explained by Fig. 15. When a
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Fig. 15 Schematic diagram of the oil-water separation mechanism
[100]. Copyright 2014, Elsevier

water droplet dropped onto the superhydrophobic filtration
fabric (SFF), it was thought to be in Cassie state, which
could easily move away due to the superhydrophobic
effects, as shown in Fig. 15a. However, oil droplet could
quickly permeate through the fabric, as illustrated in
Fig. 15b. During separation process, the surface was wetting
by oil, thus the surface structure and composition had
changed, which was shown in Fig. 15¢ [100]. The roughs
structure of fibrous surface was filled with oil, thus when a
water droplet was dropped, it preferred to keep in Wenzel
state with low water contact angle [100]. It should be noted
that the surface wetting by oil became easily flow for water
and effectively separate water from oil, which could be
attributed to the low resistance between water and oil wet-
ting surface. The practical separation process as shown in
Figs. 16a—e, where water was efficiently separate from
n-hexane via a facile method. It was obvious that the
SFF performed both superhydrophobicity and super-
oleophilicity, and n-hexane quickly permeated through the
surface by gravity, while the blue water was flowed away
into another beaker.

It has been reported that the low surface free energy of
polybenzoxazine and photocatalytic-induced self-cleaning
property of titanium dioxide could be well integrated. And
the nanocomposites modified polyester non-woven fabrics
were prepared through simple solution dip-coating and
thermal curing approaches. The durable hydrophobic and
oleophilic of coated fabric exhibited high separation effi-
ciency just driven by intrinsic gravity, which could purify
wastewater that contains soluble dyes and shed light in
promising oil/water separation applications [103]. The
alterable superhydrophobic and superhydrophilic wett-
ability of fabric substrates decorated with ion-titanium
coating as shown in Fig. 16f, the wettability of fibrous
surface could be effectively converted under UV radiation
and dark storage. Kong and coworkers fabricated self-
adaptive wettability surface on fibrous materials through a
simple one-step dipping coating treatment with titania sol—
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Fig. 16 a—e The process of
separation of water and oil
[100]; f alterable wettability
between superhydrophobic and
superhydrophilic under UV
radiation [95]. a—e Copyright
2014, Elsevier; f copyright
2014, American Chemical
Society

gel, the prepared fabric with one side superhydrophilic and
another side hydrophobic properties, as shown in Fig. 17
[104]. In addition, switchable wettability surface was fab-
ricated by spray-assisted dip-coating hydrophobic ZnO
nanoparticles and waterborne polyurethane mixtures on
stainless steel mesh. The results indicated that reversible
transition between superhydrophobicity and super-
hydrophilicity could be rapidly realized by UV illumination
and heat treatment alternately, which allows to change the
mode of oil/water separation from oil-removing to water-
removing [105]. Lin and coworkers [106] reported that
silica nanoparticles and heptadecafluorononanoic acid-
modified titanium sol-coated polyester fabric and poly-
urethane sponge via dip-coating approach, could alter-
natively turns superhydrophilic and superoleophobic upon
ammonia exposure. This controllable wettability is pro-
mising in the application of selective removal of water from
bulk oil and the design of smart interfacial materials.
Therefore, as can be seen from the above-mentioned, dip-
coating process could not only given the oil-water separa-
tion properties, but also it is feasible to achieve the multi-
functionalization and intellectualization of coated fibrous
materials.

4.3 Electrical conductive fibrous materials

Electrically conductive fibrous materials have various
potential applications such as static charge dissipation,
electromagnetic frequency shielding, health monitoring,
battery devices, smart clothing, and even in tissue engi-
neering, etc. Dip-coating is an emerging facile approach for

fabric FTio2

the fabrication of electronic fibrous materials. Various
fibrous materials could be taken as the substrate, and
alternative coatings to achieve electrical conductivity have
been proposed such as conductive polymers, metallics, and
carbon materials. It has been reported that nylon, polyester,
and cotton threads can be made conductive by dip-coating
into synthesized silver nanowire solutions, thus deposited
random networks onto the surfaces. The current-voltage
curves and practical effects of nylon thread-coated nanowire
densities to power and light-emitting diode as shown in
Figs. 18a-b [107]. Carbon-based electrically conducting
nanofillers, such as liquid exfoliated graphite, nano gra-
phite, carbon nano fibers, and carbon nanotubes were also
used to induce electrical conductivity in thermoplastic
polyurethane matrix. The nanocomposites is suitable for
development of electrical conductive coated fibrous mate-
rials [109]. Graphite-based coatings were fabricated and
directly applied onto the surface of a paper made of
recycled fibers to impart electrical conductive properties. In
order to attain the graphite suspensions with high solid
content and good dispersion, sodium dodecyl sulfate was
introduced as dispersion agent [110]. Considering the
excellent electrical properties of graphene nanoribbon,
which was prepared and was coated to the cotton fabric
using a wet coating approach recently, as shown in Fig. 18c.
It was shown from the results that the graphene nanoribbons
were uniformly distributed on the surface of the cotton
fibers and interacted with the cotton fibers through hydro-
gen interactions. The thermal stability and electrical con-
ductivity of the cotton fabric were simultaneously improved
significantly [108].
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The applications of electrical conductive fibrous materi-
als have been investigated. Taking the advantages of dip-
coating, electrical conductive fibrous materials shed light

UV or sun light
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Fig. 17 Photo-induced superhydrophilicity of titanium oxide-coated
textiles: capillary channels with gradient wettability formed within the
fibrous matrix under irradiation and dark conditions [104]
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Fig. 18 a Current-voltage curves of nylon thread coated with different
nanowire densities and b nanowire-coated nylon thread to power and
light-emitting diode [107]; ¢ schematic illustration of graphene
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GNR coated
cotton fabric

for potential fiber reinforced composites applications. For
instance, carbon fibers were directly immersed in a stable
graphene nanoplatelets suspension, and carbon fibers/epoxy
composites were manufactured by a prepreg and lay-up
method. The results indicated that the mechanical properties
and electrical conductivity of the composites were improved
[111]. Electrical conductive polypyrrole was also synthe-
sized through dip-coating and in-situ polymerization pro-
cess, and electric pulse-stimulated fibroblasts was
investigated [112]. It has been demonstrated that graphene
layers could be well assembled on surface of highly porous
polyurethane foam to fabricate electrical conducting com-
posites with excellent compression [113]. Highly stretch-
able conductive fibers could also be prepared by dipping
poly(m-phenylene isophthalamide) fibers into the CNTs
aqueous solutions. And annealing treatment was operated to
increase the interaction between the CNTs and fiber surface.
The simultaneously stretchability and electrical conductivity
suggest the great potential in constructing advanced
stretchable conductive electronics [114]. Koga and cow-
orkers [74] fabricated highly transparent conductive net-
works on a cellulose nanofiber paper. Uniform coating of
the conductive silver nanowires and CNTs, is achieved by
simple dipping and filtration of aqueous dispersion through
the cellulose nanopaper. The optical photographs and rela-
tive resistance values of coated nanopaper and PET film as
shown in Fig. 19 [74]. It should be noted that compared
with conventional textiles, cellulose nanofiber paper has the
advantage that acts as both filter and transparent flexible
substrate during the coating process. The electro-
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\
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5
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nanoribbon-coated cotton fabric [108]. a and b copyright 2015, Royal

Society of Chemistry; ¢ copyright 2015, Elsevier
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Fig. 19 Optical photographs of
a AgNW @nanopaper, b
AgNW@PET film, ¢

CNT @nanopaper, and d
CNT@PET film after the
peeling test; e relative resistance
values of AgNW and CNT
coated nanopaper and PET film,
respectively [74]. Copyright
2014, Nature Publishing Group

| o

mechanical properties of Ag-coated polyether ether ketone
filament show the potential advantages for structural health
monitoring. Especially, Ag-coated polyether ether ketone
filament yarns has good machinability for fiber reinforced
thermoplastic composites [115]. Fibrous materials not only
could be fabricated by facile dip-coating process, but also
show excellent electrical conductivity. Low cost, flexible
and renewable fibrous materials using dip-coating fabrica-
tion methods have attracted much attention recently as
complement for textiles electronics. Much future investi-
gation will facilitate the development of dip-coating for
electrical conductive fibrous materials forwards.

4.4 Fibrous materials for energy storage

Fibrous materials energy storage systems are the foundation
of fabricating smart textiles, in which fibrous materials
directly serve as electrical energy storage devices. Com-
pared with the most studied metallic and ceramic energy
storage devices, the large surface area of textiles could also
increase the energy storage capacity. Currently, the devel-
opment of fibrous materials-based energy storage devices
could be mainly categorized into three classes: (1) coated
energy storage textiles, (2) fiber and yarn electrodes, and (3)
custom woven and knitted fabrics [116]. Coated fibrous
materials are the mostly studied and extensively used tex-
tiles energy storage devices, and dip-coating is efficient in
incorporating active electrode materials into the surface of
fibrous materials. Cui and coworkers firstly assembled
CNTs onto cotton fabrics with simple dipping and drying
approach [117]. It was reported that the excellent energy
storage performance reached as high as 480 mFcm™ for
testing at 1 mA cm™, resulting in 120Fg™' with a mass
loading of 8 mg cm™2. The prepared textiles energy storage
devices show outstanding flexibility, stretchability, strong
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adhesion between the CNTs and the textiles substrates.
Hybrid graphene/MnO, nanostructures-based energy textiles
as electro-chemical capacitors electrode were also prepared
by solution-based dipping process. The textiles energy
devices exhibit maximum power density of 110 kW kg™, an
energy density of 12.5 Whkg™', and excellent cycling per-
formance of about 95 % capacitance retention over 5000
cycles, which offer great potential for large-scale textiles
energy storage devices production [118]. The preparation of
fabric electrode by dipping the non-woven cloth into a
dispersion of CNTs and subsequent MnO, electrodeposition
was also reported [119].

Flexible supercapacitor could be also assembled by
depositing single-walled CNTs and conductive polyaniline
nanowire array composites on non-woven wiper cloth. Non-
woven wiper cloth is firstly dipped into single-walled CNTs
ink, then polyaniline nanowire arrays are grown onto the
surface of CNTs/cloth composite through dilute poly-
merization to obtain the flexible textiles electrode, as shown
in Fig. 2la [120]. Compared with traditional gold and
stainless steel substrates, fibrous materials-based substrate
with large surface area which not only acts as an interior
electrolyte reservoir, but also could be diffused into an
integrated energy storage system. Gui and coworkers [121]
fabricated natural fiber-based supercapacitor via dip-coating
and electro-chemical deposition methods, the schematic
illustration as shown in Fig. 20. It demonstrated the merits
of cellulose fibers as substrates for supercapacitor electro-
des, in which the water-swelling effect of the cellulose
fibers can absorb electrolyte, and the fibrous internal
structure could provide channels for ions to diffuse to the
electro-chemical energy storage devices [121].

Compared with supercapacitor, fibrous-based batteries
are more challenging to integrate structurally complex bat-
teries into flexible fibrous materials. Considering that
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Fig. 20 Schematic illustration of
natural cellulose fiber-based
supercapacitor: a—d carbon
nanotubes dip-coating and
followed electrodeposition of
MnO2, carbon nanotubes dip-
coating again. e Magnification
of the square area to depict the
dual electron charge transfer and
ion diffusion paths in the
supercapacitor [121]. Copyright
2013, American Chemical
Society

e)
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Electrolyte Filgd SWCNTs
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batteries always contain electrodes that are sensitive to
water and oxygen, fibrous base batteries must be sealed
inside without moisture penetrability [122]. It has been
reported that lithium-ion textile batteries could be prepared
by dipping into CNTs ink solutions, and dried in a vacuum
oven. In the following, battery materials was incorpoarted to
prepare conductive textiles, which could be used as energy
storage substrates. The results indicated that stable potential
range of such conductive textiles inorganic electrolyte was
achieved, and effectively working Li-ion battery under
mass loading of 168 mg cm™>, which are 8—12 times higher
than conventional metal collector. In addition, such a
fibrous material-based lithium-ion battery shows out-
standing performance in capacity retention during cycling
and little self-discharge [123]. With similar methods,
hierarchical ZnCo,0,4 nanowires arrays/carbon cloth and
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fibrous-based battery rechargeable by solar energy exhibit-
ing high capacity, excellent cycling performance, and good
rate capability have been successfully fabricated [124, 125].
Recently, it has been reported that carbon fiber with
SnO, nanotubes networks coating were successfully
fabricated by a simple dip-coating process and subsequent
chemical vapor deposition growth approach, as shown
in Fig. 21b. The as-prepared material, which could worked
as a binder-free anode for lithium ion battery, delivers a
reversible capacity of 653 mAhg™' at a current density of
400mA g~ even after 50 cycles [126]. The results
indicated that dip-coating is potential to fabricate binder-
free electrodes for lithium ion batteries. As could be seen
from the above-mentioned, fibrous materials coated by dip-
coating method is a promising research frontier for textiles
energy storage. Furthermore, fibrous-based energy storage
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Fig. 21 a—c Schematic diagram of the preparation of the PANI/SWNT/cloth electrode [120]; d—g fabrication process of carbon fiber-based lithium
ion batteries and the corresponding TEM images[126]. a—¢ Copyright 2011, Royal Society of Chemistry; d—g copyright 2014, Elsevier

systems with high electro-chemical activity can provide
new design opportunities for wearable electronics and
microelectronics devices applications.

Apart from the above-mentioned functional applications,
one-dimensional photonic crystals are recently emerging
multi-layered systems with spatial periodicity structure and
properties. The photonic stop-band position depends on the
thickness of each components, and the role of acceleration
mode on the fabrication of controlled lateral gradient in
photonic stop-band has been exploited, as shown in Fig. 22
[22]. The prepared photonic crystals acts as a graded
reflector and cross-sectional view of the multi-layered
structure are displayed in Fig. 22b, and Fig. 22a, c,
respectively. It could be seen from Fig. 22d that good linear
relationship is found between the minimal transmitted
wavelength and dipping distance. Fig. 22e shows the
transmission data of the under various dipping distance as

indicated by the curves. The results indicated that the
photonic stop-band could be displaced over a wide range of
wavelengths without the variation of minimum transmit-
tance values [22]. This indicated that gradient photonic
crystals could be facilely fabricated by dip-coating method
and potentially used as optical devices with controllable
stop-band positions. The similar works concerning photonic
crystals prepared by dip-coating process have also been
reported [5, 127-129]. And the photonic bandgap structures
were achieved mainly by the periodically alternative coating
process. The applications of coated fibrous materials in the
areas of bendable semiconductor fabric [69, 130], sensitive
conducting composites [113], gas separation [71], flame
retardant [25, 131], and water sensing [24] have also been
reported. Therefore, it could be concluded that dip-coating
is extremely promising in the functional applications of
various fields.
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Fig. 22 a Illustration of the
graded 1D photonic crystal; b
optical photograph of graded 1D
photonic crystal on glass
substrate; ¢ SEM-FEG
micrograph of the five pair

system; d UV-vis transmission

spectra of the graded photonic
crystal for increasing x values; e
plot of the photonic stop-band
position as a function of distance
in the x-direction [22].
Copyright 2014, American
Chemical Society
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5 Summary

In this review, we have summarized the theoretical basis,
modified dip-coating methods and various functional
applications of dip-coating for fibrous materials. As it is
known from theoretical analysis and established models, the
deposition of coated films mainly relies on the gravity-
induced viscous drag opposing the adhesion of the fluid on
the substrate. The key issue of dip-coating for films
deposition is the evaporation process of coating solutions,
thus the above-mentioned various recently developed
dip-coating methods are all based on the well control of
evaporation process. Both intrinsic variables of coating
solutions, including concentration, viscosity, surface ten-
sion and coating compositions, and extrinsic factors, such as
temperature, withdraw speed, and external field have
remarkable effects on the evaporation. Therefore, the
development of advanced dip-coating techniques should
concentrated on the evaporation processes, especially the
chemical/physical interaction between fibrous surface and
coating solutions. It can be seen from reported works that
the influential factors of withdrawal speed, solution con-
centration, viscosity, and temperature have been mostly
studied. In addition, the methods of external field assisted
dip-coating have also been investigated, such as the above-
mentioned vacuum-assisted and spin-assisted dip-coating
for better deposited films onto substrate. Photo-assisted,
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template-assisted, and inverse dipping for fibrous materials
that are further developed according to the well control on
the wetting and evaporation process of coating solutions.
Vacuum-assisted and spin-assisted dip-coating process
could be attributed to the physical auxiliary effect, while
photo-assisted dip-coating is the photochemical effect for
solution evaporation and film deposition. However, the
assist of magnetic field and electric field for dip-coating
have not been reported, through the effects of magnetic/
electric for solutions have been investigated. In the opinion
of authors, magnetic field and electric field assisted for
dipping process are promising research directions for dip-
coating fibrous materials. Future works in this field have to
shed light on the potential fabrication of well-controlled
films with smart external field response.

The applications of dip-coating fibrous materials,
including self-cleaning, oil-water separation, electrical
conductivity, and energy storage devices have been
reviewed. It should be noted that the dip-coating functio-
nalization of fibrous materials was achieved mainly by
changing the composition of coating solutions. The mostly
studied approach is the incorporation of well-dispersed
nanoparticles into polymeric-based aqueous coating solu-
tions. Furthermore, the improvement of dip-coating meth-
ods also contribute to the functional applications of fibrous
materials. Especially, the multi-layered dip-coating process
could facilitate the uniform deposition of films onto fibrous
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substrate, and achieve the integration of different layers. We
believe that more deposited films with novel functions
could be fabricated in the future, which by fully exploring
the potential advantages of dip-coating.
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