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a  b  s  t  r  a  c  t

A  possibility  of  creating  a stable  hybrid  coating  based  on  the  hybrid  of  a  reduced  graphene  oxide  (rGO)/Ag
quasi-periodic  mesh  (q-mesh)  coating  has been  demonstrated.  The  main  advantages  of  the suggested
method  are  the low  cost  of the processes  and  the technology  scalability.  The  Ag  q-mesh  coating  is formed
by  means  of  the magnetron  sputtering  of silver  on  the  original  template  obtained  as  a  result  of  quasi-
periodic  cracking  of  a silica  film.  The  protective  rGO  film  is  formed  by  low  temperature  reduction  of  a
graphene  oxide  (GO)  film,  applied  by the  spray-deposition  in  the  solution  of  NaBH4. The  coatings  have
low  sheet  resistance  (12.3  �/sq)  and high  optical  transparency  (82.2%).  The  hybrid  coatings  are  char-
elf-organized template
educed graphene oxide (rGO)
lexible electrochromic device

acterized  by  high  chemical  stability,  as well  as  they  show  high  stability  to  deformation  impacts.  High
performance  of  the  hybrid  coatings  as electrodes  in  the sandwich-system  «electrode–electrochromic
composition–electrode» has  been  demonstrated.  The  hybrid  electrodes  allow  the electrochromic  sand-
wich  to function  without  any  visible  degradation  for  a long  time,  while  an unprotected  mesh  electrode
does  not  allow  performing  even  a  single  switching  cycle.
. Introduction

Transparent conductive coatings based on metal nanowire film
nd metal mesh coatings obtained by various lithography methods
1–7], can be considered as one of the most promising classes of
ransparent electrodes due to a combination of low sheet resis-
ance (<15 �/sq), high optical transparency (>85%) and flexibility.
hey are considered to be perspective electrode systems for high
erformance photovoltaics [8], flexible displays (including sensor
isplays) [5,9], and electrochromic systems («smart glass») [10].
owever, electrodes based on the most available and technological
etals (Cu, Ag, Al) have low chemical stability and they are not

pplicable in aggressive exploitation conditions, for example, in
he functioning conditions of electrochromic devices [11]. For the

tabilization of mesh transparent electrodes different variants of
rotection are used, e.g., oxide materials IZO [12], AZO [13]. The
hortcoming is in the fact that oxide passivation is associated with
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vacuum processes, which considerably increases the cost of the
coating.

As to galvanic metallization with nickel [14] and platinum [15],
the main problem of the considered protection type is the poros-
ity of the thin galvanic coatings resulting in the loss of the system
functionality. The system can be stabilized only with the thickness
of the galvanically deposited metal being sufficiently large, which
is not acceptable due to unsatisfactory optical parameters of the
coatings.

Graphene is one of the most perspective materials for creat-
ing stable hybrid transparent coatings on the basis of metal mesh
structures; in [16,17] a possibility of stabilization using a continu-
ous graphene monolayer is demonstrated. However, such a method
of protection is rather costly, though it allows protecting the metal
mesh, with the loss of transparency being only about 2.3% [18]. The
protective film based on rGO seems far more simple and technologi-
cal, though there are objective difficulties in forming this protective
coating; in particular, the application of a uniform continuous GO
layer; in [11,19] the protective film was  applied by spin coating,

which negatively influences scalability.

The present study suggests a method of forming hybrid trans-
parent conductive coatings based on the hybrid system rGO/Ag
q-mesh. The advantages of the method are its two  low cost (the

dx.doi.org/10.1016/j.apsusc.2015.12.182
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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Fig. 1. The formation scheme o

stimated cost of the Ag q-mesh coating, 10 $/m2) and the pos-
ibility of the coating formation in the roll-to-roll process. In the
rst process the transparent Ag q-mesh coating is formed using a
rack template [6,7]. An original template suggested by our group
s characterized by the absence of blind cracks, missing clusters and
igh purity of the crack bottom, which allows one to obtain mesh
oatings with high characteristics (8.1 �/sq at 87.4% transparency,
hereas in [7] the value 11 �/sq at 86% transparency was  obtained,

nd in [6] the parameter value was 4.2 �/sq at 82% transparency).
t is also worth noting that the Ag q-mesh coating is characterized
y high optical quality and uniformity. In the second process, using
he spray-method and low temperature chemical reduction in the
aBH4 solution a thin protective rGO film is formed.

. Experimental

.1. Preparation of the quasi-periodic Ag mesh

The process of forming a hybrid transparent coating consists of
ve stages (Fig. 1): the first stage is the application of a silica sol
nto a substrate. To obtain the silica sol, 3 ml  of (C2H5O)4Si (TEOS)
nd 1.5 ml  of ethanol were mixed in a test tube while 1.5 ml  of water
nd 0.1 ml  of HCl was mixed in another test tube, with these two
ixtures being further combined and intensively stirred for 10 min.

he pH of the resulting sol was equal to 2. The sol was  applied on
olymer substrates (PET, 125 �m thick) with the area of 25 cm2

sing a Meyer rod [20]. The calculation thickness of the liquid film
eing formed amounted to 36.6 �m.

At the second stage, the silica film is dried in air for 15 min  at rel-
tive humidity of 35–40% and temperature of 20 ◦C, resulting in the
omplete cracking of the film. The cracking of the silica film is due
o the increase of the system viscosity (owing to the evaporation
f the solvent) a pair of two opposed forces appears—one of them
ends to mechanically compress the layer in the substrate plane,
he second one hinders it (adhesion to the substrate) [21]. With the
umidity decreasing (<20%), the dispersion medium is more inten-

ively removed, increasing the probability of their arising defects
f the «missing» cluster type.

Besides, the bottom of the gaps is clean without any consider-
ble traces of the working substance. The result of the silica film
ybrid rGO/Ag q-mesh coating.

cracking is presented in Fig. 2. The obtained template is character-
ized by a high degree of uniformity and a low number of defects.
The template has the mean cluster size of 78.7 ± 25.2 �m (Fig. 2c)
and the mean crack width of 1.4 ± 0.5 �m (Fig. 2d). The method
allows varying the template parameters by varying the sol pH and
the liquid film thickness.

At the third stage the magnetron sputtering of a thin silver
film is carried out. The silver film was  sputtering using the facil-
ity «Caroline D15» («ESTO – vacuum», Russia). The film thickness
ranged from 70 to 210 nm.

At the fourth stage the template was selectively removed by
washing in a 0.1 M solution of KOH at room temperature for 1–2 min
in order to completely remove the clusters containing amorphous
silica. The described technique allows one to selectively etch away
the silica template from the Ag q-mesh. As a result, only the Ag
q-mesh remains on the PET substrate. (Fig.A1).

2.2. Preparation of the rGO protective coating

The formation of the rGO protective film was  the last stage
of forming the hybrid transparent electrode. To form a protective
film on Ag q-mesh coating a 1.5% GO solution («Akko Lab», Rus-
sia) prepared by the Hummers method [22] was used. A colloidal
GO solution was applied by the spray-method on to PET substrates
with the Ag q-mesh coating. The thickness of the GO film was set
by the amount of the solution per a unit of area. To improve the
wettability of the PET substrates by the GO solution the polymer
surface was  treated with cold plasma, this procedure allows obtain-
ing more integrate films. After spray deposition the graphene oxide
films were dried in air at T = 80 ◦C for 2 h to remove the moisture
and form a continuous protective film in the process of GO reduc-
tion. The reduction of GO film was carried out in a 0.15 M aqueous
solution of NaBH4 for 50 min  [23]. After the reduction the sys-
tem was washed with distilled water and dried in air at T = 70 ◦C
for 1 h.
2.3. Fabrication of an electrochromic device

The hybrid coatings were tested as electrodes in a thin elec-
trochromic device, with the electrodes having the following
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Fig. 2. The result of quasiperiodic cracking of the silica film: clusters (a) and crac

arameters: 11.4 �/sq at 81.4% transparency and 11.7 �/sq at
2.1% transparency, respectively. The electrochromic device was
abricated on the basis of a commercial polymer electrochromic
omposition («iGlass» Ltd, Novosibirsk). The electrochromic com-
osition has high viscosity, preventing the etching component from
enetrating under the rGO protective layer. A droplet of the poly-
er  composition was placed on one of the electrodes, covered with

he other one and placed under press for an hour (the pressure
eing 1 kg/cm2). The layer thickness of the elecrochromic com-
osition was set by spacers and amounted to about 100 �m.  The
otal thickness of the electrochromic device was  350 �m and its
ransparency—60% at the wavelength of 550 nm.

.4. Characterization

The morphology of the silica templates and coating was  stud-
ed by the method of electron microscopy using Hitachi TM 3000
nd Hitachi S 5500 (all images obtined in Centers for collective use,
SC SB RAS). The spectral dependencies of the optical transmit-

ance of the Ag q-mesh and hybrid coatings, GO and rGO films and
lectrochromic device were measured in the range of 400–800 nm
ith a spectrophotometer Shimadzu UV-360. The Raman spectra

f GO and rGO films were measured using a spectrometer Horiba
obin Yvon T64000 in the range of 20–2800 cm−1. The influence of
he mechanical deformations and chemical treatment on the elec-
rical characteristics of the coatings was studied using a laboratory
tand.

. Results and discussion

In the reduction process the GO film significantly loses its trans-

arency and changes its color from yellow-brown to dark grey.
ig. 3a shows the spectral dependences of optical transmittance of
O and rGO films with the concentration of 0.01 ml/cm2. An accept-
ble option for passivating a mesh electrode is a thin protective rGO
 images. The results of statistical processing of the clusters and cracks (c and d).

film with the mean transparency being 92–93%. Using thicker rGO
films results in a more considerable loss of transparency (Fig.A2).
When decreasing the thickness of rGO film, there appear unpro-
tected parts of the mesh, which leads to a significant degradation
of the electrodes.

Fig. 3b presents the Raman spectra of GO and rGO. According
to the evidence of Raman spectroscopy there are two main peaks
in the GO and rGO spectra: G-line, characterizing the vibrations of
the system of sp2 carbon bonds (∼1580 cm−1) (graphite-like zone),
and 2D-line (∼2700 cm−1), which is the overtone of the D-line
(defect zone) (∼1330 cm-1). The appearance of the D-line for the
GO and rGO samples evidences the formation of a defect structure
as related to graphite while the regular peak appearing in the range
of 2700 cm−1 provides evidence for a small number of layers in the
rGO structure [24].

The SEM images of the Ag q-mesh and hybrid rGO/Ag q-mesh
coatings are shown in Fig. 4a and b, respectively. One can see in
Fig. 4b a conformal coating of the q-mesh paths with rGO film.
The spectral optical transparency of the system at the main tech-
nological stages in the range 400–800 nm is shown in Fig. 4c.
The Ag q-mesh electrode with the metallization thickness of
140 nm has the transparency of 90.1%, with the sheet resistance
being 12.3 �/sq. When spraying the GO film with the thickness
0.01 ml/cm2 on the Ag q-mesh coating the transparency decreases
down to 87.3% with the same sheet resistance. In the process of the
GO film reduction the transparency of the hybrid coating decreases
down to 82.2%. The coating parameters with various thicknesses of
the silver and rGO films are given in Table A1. The ITO film on PET
has the transparency of 84% at the wavelength 550 nm, with the
sheet resistance being 15 �/sq [25]. The hybrid coating has a uni-
form transmittance spectrum in the range under consideration and

the integral transparency of the hybrid coating – rGO/Ag q-mesh
– is higher than that of the ITO film on PET. As a result, the hybrid
rGO/Ag q-mesh coating has a better optical quality than the ITO
film on PET.
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Fig. 3. Spectral dependences of the optical transmittance for

In the framework of the model of the interaction of two  con-
uctive films (providing that the film thickness is smaller than the
avelength of the incident radiation) with electromagnetic radi-

tion of visible range the transmittance coefficient is related with
he film sheet resistance by the following expression [26]
(

1 + Z0

2Rs

�opt

�dc

)−2
=

(
1 + Z0

2RsF

)−2
(1)

here Z0 = 377 �,  is the vacuum impedance. The coefficient F is
sed to estimate the quality of the transparent conductive coat-

ng. The approximation of the experimental points obtained for
he Ag mesh on PET for different thicknesses of the silver films
70–210 nm)  shows the parameter F to be about 350 (Fig. 4d). The
GO protective film decreases the value of the parameter F down
o 200 due to the reduction of the coating transparency. By com-
arison, the coefficient F of ITO on glass is equal to ∼350, while

or ITO film on PET it amounts to ∼115 [25]. Other most perspec-
ive transparent electrodes has the parameter F smaller than that
f silver meshes; for example, for carbon nanotubes the maximum
oefficient value was obtained in [27], amounting to 50. For doped

ig. 4. Morphology of the Ag paths before and after the formation procedure of the prot
ybrid  rGO/Ag q-mesh coating at the main technological stages (c). Approximation of the
q.  (1) (d).
d rGO films (a). The Raman spectra of GO and rGO films (b).

CVD graphene the parameter F is equal to 70 [18], and for coatings
based on Ag nanowires it amounts to 300 [28].

The chemical and mechanical stability of the Ag q-mesh in
aggressive conditions is one of the most important characteristics
for a wide range of important applications [10–12,15]. It should be
noted that, as contrasted to the coatings based on Ag NW and Cu NW
[29,30], the Ag q-mesh coating is stable in atmosphere at room tem-
perature due to the fact that by its properties the Ag q-mesh coating
is close to bulk materials (Fig. A4). The protective rGO film allows
retaining the integrity and functionality in a chemically aggressive
environment. Exposing the Ag q-mesh coating to the aqueous solu-
tion of Na2S (4 wt%) completely etches the coating in 1 min  (the
inset in Fig. 5a shows the morphology of the etched Ag q-mesh
coating), while the hybrid rGO/Ag q-mesh coating after a 30 min
exposure increases its sheet resistance from 8.1 to 28.4 �/sq, and
after a 60 min  exposure it increases up to 54.6 �/sq (Fig. 5a). The

protective rGO film exhibits a significant increase in stability to the
aggressive environment as compared to the unprotected coating.

One of the important characteristics of the mesh coatings is its
adhesion to the substrate. Fig. 5b presents the results of the tape

ective rGO film (a and b). Spectral dependences of the optical transmittance of the
 experimental points of the Ag q-mesh and hybrids rGO/Ag q-mesh coatings, using



A.S. Voronin et al. / Applied Surface Science 364 (2016) 931–937 935

Fig. 5. The durability of hybrid rGO/Ag q-mesh coating. Changing the sheet resistance Ag q-mesh and rGO/Ag q-mesh coatings upon exposure to an aqueous solution of Na2S
( id rGO
s esista
( sistan

t
m
c
r
t

F
T

4  wt%). Scale bar: 20 �m (a). Changing the sheet resistance of Ag q-mesh and hybr
cotch  tape. Scale bar: 20 �m (b). The effect of bending deformations on the sheet r
c).  The effect of cyclic bending deformations with the radius 20 mm on the sheet re

est for the Ag q-mesh and rGO/Ag q-mesh coatings. The Ag q-
esh has a strong adhesion to the substrate and after 100 peeling
ycles increases its resistance only by 39% due to the partial dis-
uption of the paths. In the case of coatings based on nanowires,
he adhesion to the substrate is significantly lower, e.g. after

ig. 6. The scheme and transparent optical microcopy of the electrochromic device (a a
ransmittance spectra of the bleached and colored states of the electrochromic devices (e
/Ag q-mesh coatings as a function of the number of cycles of repeated peeling by
nce of Ag q-mesh, hybrid rGO/Ag q-mesh coatings and commercial ITO film on PET
ce Ag q-mesh, hybrid rGO/Ag q-mesh coatings and commercial ITO film on PET (d).

3 peeling cycles the AgNW film increases its resistance by 3500%
[30]. The hybrid rGO/Ag q-mesh coating remains absolutely sta-

ble during 100 peeling cycles due to the fact that the rGO sheets
have strong adhesion to the surface and additionally pressed the Ag
q-mesh.

nd b). Images bleached and colored states of the electrochromic device (c and d).
).



9 rface 

b
b
r
fi
o
t
r

t
2
m
u
i
t
e
o
l

T
l
a
t
a
t
t
d
w
t
t
t
p
c
t
c
t
t
o
a
m
�
q
t
r
t
(

4

p
i
a
(
r
b
e
d
o
d
m
h
t
o

[

[

[

[

[

[

[

[

[

[

[

[

[

36 A.S. Voronin et al. / Applied Su

An important advantage of hybrid coatings is its increased sta-
ility to mechanical deformations (Fig. 5c). Upon bending with the
end radius varying from 100 to 25 mm,  the Ag q-mesh and hybrid
GO/Ag q-mesh coatings remain stable and the resistance of ITO
lm on PET is two times increased. Upon bending with the radius
f 5 mm,  ITO film on PET loses its conductivity completely, while
he resistance of the Ag q-mesh coating increases by 67%, the hybrid
GO/Ag q-mesh coating does so only by 34%.

To study the stability of coatings under operation conditions
hey were subjected to 1000 runs, with the bend radius being
0 mm (Fig. 5d). The hybrid coating is much more stable to cyclic
echanical impacts, increasing its resistance by 37.7%, while the

nprotected Ag q-mesh coating loses 62.5% of its initial conductiv-
ty, and ITO film on PET loses its conductivity completely during
he investigation process. The rGO flakes play a role of shunting
lements and in the case of the mesh disruption during the process
f bending deformation they do not allow the damaged section to
ose its conductivity completely.

The scheme of the electrochromic device is presented in Fig. 6a.
he micrograph of the electrochromic device under transmitted
ight (Fig. 6b) shows non-periodic superposition of the meshes. As

 result, the system does not have a moiré pattern, which improves
he optical quality of the electrochromic device. This is one of the
dvantages of the employed system based on the autoclustered
emplate. When applying the voltage of +1.5 V the cell discolors
o saturated blue during 25 s. The polarity of the primary impulse
oes not matter since the electrochromic reaction proceeds in the
hole volume of the sandwich rather than on one of the elec-

rodes as is the case for layered electrochromic cells [31]. With
he polarity changing, the cell discolors to white during 30 s. Long
ime of response is due to the thickness of the electrochromic com-
osition layer (100 �m).  Fig. 6c and d present the bleached and
olored states of the electrochromic cell. Of importance is the fact
hat during the process of the cell coloring there is no gradient
olor structure associated with the electrode mesh character due
o the rGO film providing a uniform current contact with the elec-
rochromic composition. Fig. 6e shows the spectral dependences
f optical transmittance of the electrochromic cell in the bleached
nd colored states. The maximum difference of the optical trans-
ittance is observed at the wavelength of 550 nm and is equal to
T = 56%. The electrochromic device based on the hybrid rGO/Ag

-mesh electrodes shows stable operation during a long period of
ime both in the regime of constant operation and in the cyclic
egime while the electrochromic device based on the Ag mesh elec-
rodes starts degradating as early as during the first switching cycle
Fig. A5).

. Conclusions

A low-cost easily-scaled method of synthesizing hybrid trans-
arent conductive coatings based on the rGO/Ag q-mesh with

ncreased chemical and mechanical stability has been suggested
nd implemented. The coatings combine low sheet resistance
12.3 �/sq), relatively high optical transparency (82.2%). The hybrid
GO/Ag q-mesh coating show high chemical and mechanical sta-
ility. The hybrid coatings were tested as electrodes for flexible
lectrochromic devices. The tested electrochromic device has the
ifference in transparency between the colored and bleached states
f about 56% at the wavelength of 550 nm.  The electrochromic
evice does not lose its functionality upon cyclic mechanical defor-

ations. It is also worth noting that the sandwich system based on

ybrid electrodes is deprived of one of the drawbacks of the sys-
ems based on electrodes formed using the conventional methods
f lithography—moiré pattern.

[
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.apsusc.2015.12.
182.
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