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State of the Art and Recent Advances in Electrical 
Conductive Coatings by Sol-Gel Process

Abstract
With the development of smart materials and the requirement of multifunctional systems, coatings were developed with the aim to improve and optimize many 
properties and especially in the electrical field (resistivity, conductivity, permittivity,..)

Relative to the electrical conductivity, the need is growing in many activity areas with the recent tendencies (green technology and energy). Recently, the sol-gel 
route to process coatings was investigated for its ability to develop innovative multifunctional coatings. Because the sol-gel matrix is known to be completely 
insulating, the conductivity can be brought by the development of a composite material, with the incorporation of conductive fillers into the insulating network.

The aim of this paper is to present an overview of the sol-gel coatings, dedicated to the electrical conduction, started in the 2000’s. A rapid introduction will set 
the context including many “standard” applications of sol-gel coatings. Then, studies are gathered according to the fillers incorporated in the sol-gel formulation 
(Tables 1-3). Each coating is described in detailed. Correlations and tendencies are identified and discussed. The lowest surface electrical resistance is obtained 
using metallic fillers (145 mΩ□), but the carbon fillers are very promising taking benefit of their various form factors.

After an exhaustive presentation of the state of the art in this field, some new quantitative examples of coatings recently developed are presented. Various systems 
and architectures are detailed with associated applications. The major results show a surface electrical resistance comparable to the best values listed in the 
literature (around 130 mΩ□), but with carbon fillers against metallic fillers. Furthermore, the combination of carbon fillers and the capability to develop a sol-gel 
multi-layer is demonstrated. Finally, a key point is relative to the application of these conductive sol-gel coatings on a complex shape substrate.
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Introduction
In surface engineering science developed to functionalize a large 

variety of materials and surfaces, among the very promising “soft 
chemistry” processes, the sol-gel approach plays a key role. It is a friendly 
environmental alternative with low temperature synthesis for a new 
generation of inorganic or hybrid materials [1]. The numerous advantages 
are mainly the following: a large choice of precursors depending on the 
wished required properties, a versatile and flexible process allowing a strict 
control of coating morphology, microstructure and thickness. Another great 
interest is the capability to shape multiscale coatings from some nanometers 
to one hundred micrometers thick, on various substrates. For example, the 
Organic-Inorganic Hybrid (OIH) coatings [2] are promising materials due 
to their multifunctionality with a broad spectrum of useful properties and a 
large potential application.

Historically, the sol-gel process starts with J.J. Ebelmen in 1845. He 
is interested in hydrated silica synthesis based on silicic ether in a wet 
atmosphere [3]. In 1860, T. Graham introduces terms colloids, sols, and 
gels, with the study of silicon and aluminium precursor’s behaviours in water 

and ethanol [4]. In the historical timeline (Figure 1), nearly a century after, in 
1939, the German company Schott Glaswerke proposes a patent based on 
the sol-gel process for the glasses production of rear-view mirror [5].

Figure 1. Sol-gel historical time line

The first sol-gel coatings found their application in the optical field 
with anti-reflective coatings, for the reflection, UV absorption or coloration 
[6,7]. From the 1980’s until today, the sol-gel coatings are developed in a 
wide range of applications [8-10]. In the 1990’s, there is the emergence of 
hybrid coatings, notably allowing the breakthrough of the anticorrosion and 
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protective coatings for metallic substrates [11-14].

A pie chart (Figure 2) lists main fields of sol-gel coatings since 
1980. There are a lot of applications of sol-gel coatings: in optics [15-17] 
(reflection, UV-resistant, photochromic, …), mechanics [18,19] (abrasion, 
hardness, scratch resistant, …), electric field [20-22] (insulating, dielectric, 
electromagnetic, …), protection: anticorrosion [23-29], self-healing [30,31], 
self-cleaning [32,33], hydrophobicity [34], energy [35] or in bio-applications 
[36,37].

Figure 2. Sol-gel coating fields pie chart since 1980

Development of smart multifunctional coatings emerges few years ago. 
Many examples exist: superhydrophobic and superoleophilic [38], cleaning, 
anti-reflective and hydrophobic [39], anti-reflection and self-cleaning [40], 
antibacterial with self-cleaning [41], adherence and corrosion resistance 
[42] or again a combination of properties such as corrosion resistance and 
hydrophobicity [43].

All of these properties are addressed to a large variety of substrates: 
glasses [34,44,45], polymers [18,19], copper [46], magnesium alloys 
[47,48], zinc [24,42], aluminium alloys [23,26,28,43,49,50], steel [51,52], 
fabrics [53,54] or wood [55-57].

One of the real challenges among sol-gel coatings is to bring electrical 
conductivity property to networks, especially for the OIH network, which are 
naturally insulating. Indeed, few studies have been the subject of research 
and even less on dual properties such as electrical conductivity and anti-
corrosion for instance.

The term sol-gel and electrical conductivity were historically associated 
with only the development of transparent fine layers in the optoelectronic 
field. Various authors proved the feasibility of ZnO thin layers (20-300 nm) 
[22,58-61], doped with aluminium and/or graphene oxide fillers [62-65]. 
These coatings show a surface electrical resistivity ranging from 200 Ω□ 
to 5.105 Ω□.

In the literature, there is a wide fillers range to bring electrical in 
insulating network. In the sol-gel coating field, there are few works based 
on metallic, polymeric and carbon fillers, with a surface resistivity ranging 
from 10-2 Ω□ to 107 Ω□. The results of these works will be detailed in a 
specific section of this review.

In the first part, part A, state-of-the-art of electrically conductive sol-gel 
coatings will be established. This part is built according to the filler’s nature, 
completed by analysis and discussions of the results. The sol-gel matrices 
will be dissected at the same time of the major features. Some tendencies 
will be highlighted.

In part B, we make our contribution to this topic by adding recent 
and illustrative examples of some conductive sol-gel coatings developed 
in our researches from the elaboration, shaping step to the working 
characterization properties. The effect of multi-fillers, sol-gel architecture 

coatings, and application to complex items will be presented before 
concluding on future scientific challenges in this field. 

Part A: State of the art on Sol-gel coatings for electrical conductivity

The electrical sol-gel coatings are applied on many different substrates. 
A literature survey of the two last decades shows that these coatings are 
mostly used to functionalize insulating substrates (glasses, polymers, 
or ceramics), 93%, against 7% for conductive substrate (metallic alloys 
or steels) (Figure 3a). There is a real tendency to provide an electrical 
conductivity to insulating substrates, goes along with other properties 
according to the final application.

Figure 3. (a) Pie chart showing the substrates nature covered by electrical 
conductive sol-gel coatings and (b) pie chart showing the sol-gel network 
composition repartition

Usually, the electrical conduction is not the only property brought 
by these coatings. One of the most advantages of the sol-gel process 
is the possibility to combine different properties in the same coating, 
according to the application fields targeted. Mainly, electrical properties are 
combined with optics to form transparent conductive coatings [66-70] for 
the microelectronics or again the development of hybrid solar cells. There 
are applications on thermal field with heating diffusion [71,72]. Another 
characteristic studied is the provision of beneficial mechanical properties 
and especially with a high coating adhesion [73,74].

Recently, new properties are reached with hydrophobic behaviour on 
polymer [75] or cotton substrates [76]. Some works show sol-gel coatings 
with multi-properties. Indeed, Okada H. et al. [77] show the feasibility of 
electrically conductive coating with resistance properties to the temperature 
and humidity, where the electrical performance is preserved after thermal 
and humidity exposition. Vinogradov V.V. et al. [78] develop in their study 
the ability to combine electrical properties with mechanical (adhesion and 
flexibility) and optical (transparency) aspects.

In 2016, a patent reports an application on aluminium alloys [79]. In 
these patents, the aim is to replace the Alodine 1200 conversion coating. 
There is a demand for a new multi-properties concept with both electrical 
conductivity and corrosion resistance properties, which are in a first 
approach, antagonist properties.

The conduction is characterized by a charge transport phenomenon. 
This transport can occur under an electrical field with a charge transfer 
(electrons for metallic or semiconducting materials or ions for ionic 
compounds). In the case of sol-gel materials, obtained after sol-gel 
chemical reactions (hydrolysis and condensation), their matrix can be 
only inorganic or hybrid, combining organic and inorganic moieties. This 
depends on the precursors’ composition (Figure 4). Commonly metal salts 
or metal alkoxides are used to produce inorganic matrix whereas organic 
surfactants as structuring agent or organosilanes are introduced to produce 
hybrid materials. These later are classified in two classes according the 
interaction between the organic and the inorganic part. For hybrid Class 
I weak interaction (Van der Waals strength or hydrogen bonding) exists 
between both parts whereas strong like (covalent bonding) is created 
between the organic and inorganic parts for hybrid Class II. A combination 
of the two classes is possible in the same matrix.
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Figure 4. Example of silane sol-gel precursors to obtain inorganic (a) or 
class II hybrid (b, c) matrix

The literature shows a majority of hybrid sol-gel networks used in 
electrical conduction application, 60%, against 40% of networks composed 
of inorganic structures (Figure 3b). The advantages of these hybrid 
precursors are multiple including an increase of network flexibility, better 
adhesion properties to the substrates, or also cracking reduction after 
thermal treatment. The organic networks are less numerous, and the fully 
inorganic networks are used to obtain ceramic coatings.

In all cases, their chemical composition and structure induce an 
electrical insulating behaviour. To bring these conduction properties, the 
way consists of incorporating fillers with a high electrical conductivity level. 
Figure 5 shows the materials able to reach this objective. Firstly, metals 
exhibit a high level of electrical conductivity in the range 107 to 109S.m-1.

Figure 5. Conductive/resistive properties of different classes of materials

Then, carbon and its derivatives (carbon black, carbon nanotubes, …) 
are a solution with a conductivity in the range 105-106 S.m-1. Finally, some 
classes of polymers can be conductive in some conditions, such as PEDOT 
or PAni (10-5 to 105 S.m-1).

To confer electrical properties to insulating materials, the addition of well-
chosen fillers can be interesting especially when they exhibit a high shaping 
factor. A literature analysis on the period 2000 to 2020 (corresponding to 
26 publications) proves the various possibilities of incorporated fillers into 
the sol-gel network: organic conductive polymer, metallic and carbon fillers. 
These fillers can be commercially found or various synthesis processes 
exist in the literature (for metallic nanowires for example). As shown in 
Figure 6, carbon fillers part corresponds to 58% in the conductive sol-gel 
coating. For the other fillers, 23% is composed of metallic fillers and 19% 
for organic conductive polymer fillers. Two levels are identified to bring 
electrical conductivity: with organic polymer which induces a chemical 
reaction with the sol-gel network and with the addition of solid fillers, inert 
towards the network. In this second approach, the electrical percolation 
threshold will be an important notion and will impact the filler quantity to 
achieve a conductive state.

Figure 6. Pie chart showing the different fillers repartition in the sol-gel 
networks

The Figure 7 shows the surface resistances indexed in the literature 
between 2000-2020. It gathers all values together and they are classified 
by the filler nature. The surface resistances vary on a large range (mΩ□ to 
MΩ□).

Figure 7. Representation in time of surface resistance values as a function 
of fillers added in the sol-gel network

Unsurprisingly, the most conductive coatings are obtained using 
metallic fillers. For the conductive polymer fillers, the surface resistance is 
relatively high, and these fillers can complicate the chemical structuration 
of the sol-gel network by chemical reactions. The carbon fillers appear as 
an interesting compromise between the large choice of morphology and 
shaping factors (1D, 2D, or 3D) and the surface resistance level, which is 
around 100 Ω□ for the best formulations.

In the following, a table for each filler type (organic conductive polymers-
Table 1, metallic particles-Table 2, and carbon fillers-Table 3) is presented 
to summarize the characteristics of the corresponding sol-gel conductive 
coatings. For each coating chemical nature of the filler, the network and, the 
substrate are given, the thermal treatment justifying the nature, hybrid or 
ceramic, of the matrix is also noted. A specific attention has been brought to 
the thickness coating and the surface resistances, for the latter two values 
are reported, the referenced data and a calculated value expressed in Ω□, 
for comparative purposes. This parameter corresponds to the electrical 
resistivity divided by the coating thickness. In some papers, the surface 
resistance is already indicated and in other works, some information are 
missing to determinate the resistance Ω□. These tables help to highlight 
some tendencies about fillers performance on sol-gel conductive coatings. 
In the 2000’s, there are few works, and then there is an increase of this 
thematic around 2014 with the development of the sol-gel coatings.

Filler Filler description Network Substrate Thermal 
Treatment Thickness Original data 

given
Surface Re-

sistance Year [Ref.]

PEDOT 3,4-ethylenedioxythiophene 
(EDOT) Inorganic PET

120°C
1 µm 3 kΩ/□ 3.103 Ω□ 2009 [80]

30 min

PEDOT:PSS PEDOT:PSS pellets Hybrid (I) Glass or PA
85°C

≈ 24 µm 1.7 kΩ/□ 1,7.103 Ω□ 2015 [70]
30 min
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PEDOT:PSS PEDOT:PSS pellets Hybrid (II) Glass or PA 80 - 90°C 30 
min 0.05 – 0.2 µm 0.8 to 3 kΩ/sq 1.6.103 Ω□ 2017 [81]

PAni
PAni particles (37 wt.% 
PAni and 63 wt.% silica) Hybrid (II)

Glass ou 
PP 80°C 2h and

50-500 µm
3.8.10-4

1.105 Ω□ 2004 [74]
Diameter = 430 nm 105°C 1h S.cm-1

PPy Pyrrole (98%) Inorganic 304L steel
t°amb

≈ 0.16 µm / /
2013 [82]

under N2

TTF, TCNQ

Tetrathiafulvalene (TTF) 
and

Hybrid (I) PP
60°C

48h
150 µm

9.36.10-3

S.cm-1
7.103 Ω□ 2014 [77]7,7,8,8-tetracyanoquinodi-

methane (TCNQ)
TTF-TCNQ complex with 
black coloration at 32wt.%.

Table 1. Sol-gel coatings with electrical conducting polymers

Table 2. Conductive sol-gel coatings incorporating metallic fillers

Filler Filler description Network Substrate Thermal 
Treatment Thickness Original datas 

given
Surface 
Resistance Year [Ref.]

Nickel powder Particles size: 1-5 µm Inorganic
304L steel + 
alumina/silica 
col-gel coating

300 - 500°C / 2 Ω.sq-1 2 Ω□ 2007 [83]

Zinc nanopar-
ticles

Nano Amor
Hybrid (I) Silicon wafer t°amb. 130°C 

2h 1.7 µm 0.71 (Ω.cm-1) 8.3.103 Ω□ 2011 [86]
Average size: 130 nm

Silver powder Particles size: 1-5 µm Inorganic
304L steel + 
alumina/silica 
col-gel coating

300 - 500°C / 0.4 Ω.sq-1 4.10-1 Ω□ 2007 [83]

Silver 
nanoparticles

Synthesis of Ag-silica nano-
composite from AgNO3 and 
TEOS

Inorganic Glass 80°C 5h et 
500°C 3h ≈ 10 µm 6871 S.cm-1 1.45.10-1 Ω□ 2018 [84]

Silver nanow-
ires

Obtained from the polyol 
process

Inorganic PET t°amb. 24h ≈ 0.4 µm 19 Ω.sq-1 19 Ω□ 2014 [78]Diameter = 50-150 nm
Length = 10 µm

Silver nanow-
ires

Obtained from the polyol 
process Hybrid (II) Al, Mg alloys 80°C < t < 

120°C 0,5 - 5 µm / / 2016 [79]
Shape factor 1 - 100

Silver nanow-
ires

Obtained from polyol process

Hybrid (II) Glass 105°C 30 min / 1.5 Ω.sq-1 1,5 Ω□ 2019 [85]
Diameter: 40-80 nm
Length: 30-80 µm
Dispersed in isopropanol

Filler Filler description Network Substrate Thermal 
Treatment Thickness Original da-

tas given
Surface 
Resistance Year [Ref.]

Carbon black Carbon black: Degussa Purex HS 55
Inorganic

Ceramic

(tile)

400°C

1h
≈ 0.5 µm 7.10-5 Ω.m 1,4.102 Ω□ 2012 [90]

1.4-1.7 µm agglomerates

Carbon black Carbon black: Degussa XE-2B and 
L6, and, RUF IN-1 and IN-2 Hybrid (II)

Alumina or 
glass 200°C

15 min
10 to 30 
µm

104 to 108 
Ω.cm

5.107 to 
5.1011 Ω□

2005 [71]
Size: 30 to 500 nm

Carbon black 
and carbon 
nanofibers

Carbon black: Degussa Purex HS 55

Size: 1.4-1.7 µm agglomerates

Carbon fibers: Grupo Antolin S.A.

Inorganic
Ceramic

(tile)

400°C

1h
≈ 0.5 µm 2.10-3 Ω.m 4.103 Ω□ 2014 [72]
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Size:

Diameter = 30-300 nm

Length = ≥ 30 µm

Graphite
Graphite flakes

10 µm
Inorganic

304L steel 
+ alumina/
silica sol-
gel coating

300°C - 
500°C 200 µm 20 Ω.sq-1 2.101 Ω□ 2007 [83]

Exfoliated 
graphite oxide Prepared via the Hummers method Inorganic Glass 100°C 3h 

- 400°C ≈ 0.03 µm 0.45 S.cm-1 7.4.105 Ω□ 2007 [66]

Reducted gra-
phene oxide 
(rGO)

Nano Carbon Hybrid (II) Cotton 
(cellulose)

100°C

15 min
≈ 0.01 µm 5.3.1010 Ω 5.3.1010 Ω□ 2017 [54]

Graphene

Graphene Laboratories

Thickness = 8 nm (20-30 monolayers)

Lateral size = 550 nm

Hybrid (II) Cotton 
(cellulose)

100°C

15 min
≈ 0.01 µm 1.7.105 Ω 1.7.105 Ω□ 2017 [54]

Graphene
MExplorer

Water disperse graphene paste
Hybrid (II) Glass

105°C

30 min
/ 600 Ω.sq-1 6.102 Ω□ 2019 [85]

Graphene

Graphene Laboratories

Thickness = 8 nm (20-30 monolayers)

Lateral size = 550 nm

Hybrid (II) PP
105°C

20 min
≈ 0.01 µm 4.82.104 Ω 4.82.104 

Ω□
2019 [91]

Graphene

Graphene Laboratories

Thickness = 8 nm (20-30 monolayers)

Lateral size = 550 nm

Hybrid (II) PET
105°C

20 min
≈ 0.01 µm 2.53.105 Ω 2.53.105 

Ω□
2019 [91]

Carbon nano-
fibers

Carbon nanofibers: Applied Sciences 
INC, Pyrograff III

Size:

Diameter = 70-300 nm

Length = 30-150 µm

Hybrid (II) Alumina or 
glass

200°C

15 min
10 to 30 
µm 1 Ω.cm 5.102 Ω□ 2005 [71]

Single-wall 
carbon nano-
tubes

Diameter = 2 nm Hybrid (I) Glass
150°C

1h
0.3 µm 174.1 

Ω.sq-1
1,74.102 
Ω□

2011 [68]

Multi-wall 
carbon nano-
tubes

/ Hybrid (II)
Glass or 
polycar-
bonate

40°C 
10 min, 
130°C 30 
min

0.085 µm 3.102 

(Ω.m)-1 39.103 Ω□ 2007 [67]

Multi-wall 
carbon nano-
tubes

Nanostructured and Amorphous Ma-
terials

Size CNT1:

Diameter = 10-30 nm

Length = 1-10 µm

Size CNT2 :

Diameter = 10-20 nm

Length = 10-30 µm

Hybrid (I) Glass RT. 48h et 
65°C 48h 300 µm ≈ 10-3 

(Ω.cm)-1 3.3.103 Ω□ 2014 [92]

Multi-wall 
carbon nano-
tubes

Nanolab

Size:

Diameter = 10-20 nm (outside) 5-10 
nm (inside)

Length = 10-30 µm

Inorganic Cotton 
(cellulose) / / 40 kΩ.cm-2 40.103 Ω□ 2015 [76]
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Organic conductive polymers containing coatings

Very few examples of sol-gel conductive coatings incorporating 
organic conductive polymers have been reported. The pie chart, Figure 
8, shows that the main conductive polymer used is the PEDOT [70,80,81] 
(polyethylenedioxythiophene). Only one example involving PAni [74] 
(polyaniline), PPy [82] (polypyrrole) and TTF-TCNQ complex [77] are 
reported.

Figure 8. Pie chart showing the conductive polymer fillers repartition in the 
sol-gel network

Because of chemical affinity, these coatings are for the most part 
obtained with hybrid organic/inorganic sol-gel precursors. The organic 
character of fillers and the hybrid matrix imply doing a thermal treatment 
at relatively low temperatures to preserve the chemical integrity and 
benefits of the addition of the filler. These sol-gel formulations are mainly 
performed on insulating substrates (glasses or polymers-83%) and the 
coatings thicknesses are between 5.10-2 to 2.102 µm. regarding the surface 
resistance, it varies from 1.6.103 to 1.105 Ω□.

Špírková M. et al. [74] and Wang H. [81] works are based on hybrid 
class II precursor (GPTMS) with respectively the PAni or the PEDOT:PSS 
as the conductive fillers. Nevertheless, the surface resistances are relatively 
high, in the order of 1 to 3 kΩ□ for thicknesses between 0.05 to 0.2 µm 
[81]. The lower resistance is described by Wang H. [81] in a patent, with 
the incorporation of a PEDOT:PSS in a sol. After thermal treatment (85°C-
30 min), the coating thickness is in the order of 0.05 to 0.2 µm with the 
variation of the surface resistance between 0.8 to 3 kΩ□.

It is difficult to find some correlation between all of these works, but 
it is possible to extract two different behaviours with the incorporation of 
organic conductive polymer. Firstly, Špírková M. et al. [74] use the PAni as 
conductive polymer but without chemical reaction with sol-gel precursors. 
It is used as an additional filler to create a conductive network interlocked 
with the sol-gel matrix.

Secondly, Wang H. et al. [70,81] and Choi J.S. et al. [80], use the 
PEDOT to bring electrical properties and explain that the PEDOT reacts 
chemically with the sol-gel precursors. Choi J.S. et al.[80] show the 
reactions to functionalise EDOT with silicon-based inorganic precursors and 
then how this functionalised precursor reacts with PEDOT.

Okada H. et al. [77] report a condensation of the electrical conductive 
TTF-TCNQ complex at the surface of the hybrid matrix, by the UV-vis and 
XRD characterizations, which improve intrinsically the conductivity of the 
matrix.

As shown in Figure 9, three mechanisms are conceivable with organic 
conductive polymers: as additional filler (1) without chemical bonding 
between both parts resulting in two polymeric networks imbricated; 
conductive polymer is involved in chemical reaction with the sol-gel network 
(2) giving rise to a covalent mixed network; the third possibility lies in the 
combination of these two first (3). In all cases, the level of the surface 
resistance is relatively high, and the use of other fillers natures is necessary 

to enhance the conductivity.

Figure 9. Different conceivable mechanisms with organic conductive 
polymers with sol-gel network.

Metallic particles containing coatings

Because of its high level of conductivity, introduction of metallic 
particles in sol-gel formulations to obtain conductive coatings has been 
investigated. Figure 10, shows that silver [78,79,83-85] is mainly used 
(86%) as nanomaterial, as well as nickel [83] or zinc [86] fillers. For chemical 
affinity, the sol-gel network was first based on inorganic dol-gel precursors 
(50%) and coating was deposited on steel substrate allowing retaining 
the conductivity of the bare substrate. More recently a patent describes 
the feasibility to deposit a sol-gel conductive coating incorporating silver 
nanowires on aluminium alloys [79]. In this latter case an organic-inorganic 
hybrid matrix embedded the conductive nanomaterial.

Figure 10. Pie chart showing the metallic fillers repartition in the sol-gel 
network

The insulate substrates such as glasses, polymers or ceramics have 
been also investigated with success. With the use of inorganic precursors, 
the thermal treatments can be higher than 150°C-200°C and ceramic 
coatings are formed. For the formulation containing hybrid precursors, 
the thermal treatment does not generally exceed 130°C. The coating 
thicknesses are relatively low and comprised between 0.4 and 10 µm.

Concerning the surface resistances, the conductivity threshold reached 
is lower than that of the coatings incorporating conductive polymer due to 
the intrinsic electrical conductive properties of metallic fillers. The surface 
resistances are in the range 1.45.10-1 and 8.3.103 Ω□. Furthermore, the 
fillers with a high shaping factor (nanowires) are preferred to improve the 
electrical conductivity.

Factor (longest dimension In this table, despite the use of metallic 
nanoparticles, Xie J et al. [86], report a high surface resistance. This can be 
explained by the relatively thin conductive coatings (≈ 1.5 µm) applied on 
relatively insulating substrates (silicon wafer). The fillers nature is not the 
only parameter to bring electrical conductivity, the layer thickness and the 
fillers shaping factors are key parameters to ensure an efficient conduction 
and to achieve the percolation threshold.

Multi-wall 
carbon nano-
tubes

Alfa Aesar, pristine multi-wall carbon 
nanotubes Inorganic PET / / 9.103 Ω.sq-1 9.103 Ω□ 2017 [75]

Table 3. Sol-gel coatings incorporating carbon based fillers
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The filler’s geometry and especially the shaping on the smallest) 
will determine the ease of reaching the electrical percolation threshold. 
Many statistical models exist to describe this phenomenon, and for the 
electrical conduction, Kirkpatrick S. [87], Balberg I. [88], and Garboczi E.J. 
[89] suggested models taking into account the fillers geometry. Higher is 
the shaping factor, lower is the fillers concentration, for a transition from 
insulating to the conductive state. This is illustrated in Figure 11, the 
percolation threshold with a filler of a high shaping factor (as nanowires; 
1D) will be achieved easier for a lower filler concentration, 2 vol.%, towards 
5 vol.% and 9 vol.% for 2D and 3D particles, respectively.

Figure 11. Electrical conductivity σDC in function of fillers concentration by 
aspect ratio

In the same idea, Li X. et al. [85] reported an hybrid sol-gel coating with 
incorporation of Ag nanowires to achieve a low surface resistance, of 1,5 
Ω□. Recently, Ma Z. et al. [84] reported a silica/silver nanoparticles based 
conductive composite coating deposited on glass. The silver nanoparticles 
are synthesized insitu, from silver nitrate, during the sol-gel reaction. The 
coating thickness is around 10 µm with a surface resistance of 145 mΩ□, 
which is the lowest value reported at our knowledge.

The metallic nanoparticles are very interesting because of their 
conduction level, especially with application on chemically inert and 
insulating substrates. Deposit on metals or metallic, can generate a 
detrimental galvanic coupling. For this reason, carbon based fillers have 
been investigated.

Carbon fillers

The main part, reported in the literature of the sol-gel conductive 
coatings is based on carbon fillers.

They have different advantages and especially a wide range of 
morphologies and shaping factors: carbon black (1D) [71,72,90], graphite/
graphene (2D) [54,66,83,85,91], and carbon fibres/nanotubes (3D) 
[67,68,71,72,75,76,92]. Figure 12 exhibits the filler repartition in the sol-gel 
networks at a quite similar proportion.

Figure 12. Pie chart showing the carbon fillers repartition in sol-gel network

For the sol-gel networks, 70% of coatings are composed of hybrid 
precursors. The coatings are quite always deposited on insulating 
substrates (glasses, polymers, or ceramics). As previously mentioned, the 
thermal treatment will depend on the organic or inorganic network nature. 

The coating thicknesses are variable in the range of 1.10-2 to 3.102 µm.

At first glance, it is difficult to correlate the surface resistances values 
with the filler’s constitution, their morphology, or with the sol-gel network 
composition. The resistance range is comprised between 2.101 and 5.3.1010 
Ω□. These results can be reorganized by the fillers nature to extract some 
tendencies. Figure 13 gathers these data.

Figure 13. Surface resistance of sol-gel coatings incorporation different 
carbon based fillers

According the nature of the carbon fillers, it is clearly identifiable that the 
fillers with a high shaping factor are mostly used. During the last decades, 
many works are reported with the incorporation of carbon nanotubes. The 
thicknesses are comprised between 0.085 to 300 µm with a ceiling of the 
surface resistance at 102 to 103 Ω□. Then, recently, the graphene was added 
to sol-gel formulations for applications on cotton [54,91], with very thin 
layers and high surface resistances. So, the use of filler with a small size 
and a high shaping factor is not the solution to bring an efficient electrical 
conductivity. Indeed, from Barnes H.A. [93], the shaping factor will impact 
the formulation of sol with fillers, by inducing an overload in the solution due 
to a higher effective volume. The friction between fillers will increase and it 
will lead to an increase of the sol viscosity [93,94] as shown in Figure 14.

Figure 14. Evolution of the relative viscosity as a function of the filler’s 
morphology

With this partial conclusion, with the use of 1D morphology (carbon 
black and graphite), it will be easier to develop coating with higher electrical 
conductivity. Indeed, the first works published (between 2005 to 2012) 
show an enhancement of the surface resistance. The coatings thickness 
is variable (0.03 to 200 µm), with the lowest surface resistances near from 
100 Ω□ [83,90].

Enriquez E. et al. [90] obtained a coating with a surface resistance of 
140 Ω□. The coatings are deposited by spraying technique with a thickness 
of around 0.5 µm. The thermal treatment is relatively high (400°C-500°C 
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during 60 min), compatible with the sol-gel network, which is fully inorganic, 
based on silica with carbon black. From a carbon black content of 50 wt.%, 
the surface resistance stabilizes around a hundred square ohm. To try to 
improve this result, the incorporation of carbon black (20 wt.%) combined 
with carbon fibers (1 wt.%) [72] is studied. The combination enables a 
reduction of carbon black concentration and allows achieving a surface 
electrical resistance slightly higher. This concept of incorporation of fillers 
with different morphologies is interesting to control the sol viscosity and to 
enhance the capability to reach the percolation threshold.

The lowest surface resistance is obtained for a sol-gel formulation 
based on inorganic precursors with graphite fillers [83]. The coating is 
formed after spray deposition on a substrate, composed of a steel 304 
L with an alumina-silica sol-gel coating. The thickness of the conductive 
coating with graphite is around 200 µm. The surface resistance reported is 
20 Ω□, the lower with using carbon fillers to our knowledge.

To conclude on this first part, the initial conductivity state will be the 
value of the electrical conductivity of the sol-gel matrix without filler, and the 
final conduction state will depend on the filler characteristics. Indeed, the 
final conductivity value will be function of the filler nature, its purity and/or 
defects, and its dispersion capability into the insulating sol-gel network. The 
shaping factor is not the only parameter to consider for the development of a 
coating with a high electrical conduction level. The fillers behaviour into the 
sol with their effects on the viscosity and on the thickness are also important 
parameters. So, many parameters need to be identified and controlled, for 
the development of a coating with all the electrical properties requested.

This state of the art about electrical conductive sol-gel coatings can be 
an interesting base for the development of new sol-gel multi functionalized 
coatings. In comparison with the different works published and the 
performances obtained, the carbon fillers are good candidates with a lot 
of advantages (shaping factor, morphology, availability, cost…). In the field 
of such innovative and multifunctional materials, in the next part below, 
different sol-gel architectures will be presented, with the use of multi-fillers 
to achieve multi-properties as electrical conductivity, corrosion resistance 
or coloration. A focus will be done on the sol-gel coating application on 
complex items.

Part B: Some advances

Carbon based fillers present many different shaping factors (φ). In the 
following examples, the sol-gel conductive coating was mainly based on 
carbon black fillers from IMERYS company (φ ≈ 1) even if other carbon fillers 
were investigated such as graphene from Graphene Production (φ=10-
100) or carbon fibers from CAR FiberTec (φ=500). The sol-gel matrix is a 
class II organic-inorganic hybrid network involving the (3-glycidyloxipropyl)
trimethoxisilane (GPTMS; ≥ 98%, MERCK) and zirconium (IV) propoxide 
(TPOZ; 70 wt.% in 1-propanol, MERCK) as precursors. Glacial acetic 
acid (VWR) and deionized water are used as chelating agent and solvent 
respectively. As indicated above, different carbon fillers are used as 
conductive species: carbon black (with the acronym CB), graphene (Gr), 
and carbon fibers (CF).

The sols were deposited onto the substrates by the dip-coating method 
using the equipment RDC 21-K Dip Coater (Bungard Elektronik GmbH and 
Co.) with a controlled withdrawal speed in the range 50 to 600 mm.min-1.

The characterizations were mainly focused on the coatings morphology 
and on the surface electrical resistance and/or corrosion resistance 
properties. The morphology was observed from a cross-section using the 
FIB technique (SEM Helios 600 i (FEI)). The surface electrical resistance 
was measured by a two-point probe method with copper electrodes on the 
sample and a high-precision multimeter (model 2110 5½ Digit Multimeter-
Keithley). A minimum of six measurements on two samples was realized.

In the following, several examples will be presented, and the effect of 
the fillers (morphology, concentration) will be discussed. Various substrates 

were used and brought much information on the targeted electrical 
conductivity property.

Finally, an example of a sol-gel conductive coating with carbon fillers will 
be presented on a complex item which is an industrial electrical connector 
(from Amphenol Socapex Company).

A first example is based on a sol-gel coating composed only of carbon 
black fillers (CB). This filler has a 3D shape, circular, with a unit size 60 nm. 
The sol is deposited onto metallic alloy substrate by dip-coating. The criteria 
for this coating are to preserve the electrical conductivity to the system, and 
to add dark coloration, to minimize the shining metallic aspect. Figure 15 
shows the coating homogeneity after deposition and thermal treatment, with 
no macroscopic defect is visible.

Figure 15. Sol-gel coating with carbon black fillers on metallic substrate by 
dip-coating process

The cross-section view on the Figure 16 brings information about the 
coating morphology. Indeed, the analysis reveals that porosity at different 
sizes is visible in the whole volume (Figure 16a). The coating thickness is 
around 3.5 µm. At a higher magnification, the interface between the sol-gel 
coating and the substrate is clearly identifiable (Figure 16b). There is both 
a good affinity and matter continuity with the metallic alloy. The presence 
of carbon black is proved with some spherical particles inside the sol-gel 
network (encircled on the cross-section).

Figure 16. SEM observation of the cross-section after FIB preparation 
of sol-gel coating with carbon black on metallic substrate at two different 
magnifications ((a) x5000 and (b) x25 000)
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Regarding the electrical properties, the surface electrical resistance is 
evaluated at 130 mΩ□ (±10). Do not forget that without carbon black, the 
sol-gel network leads to a fully insulating coating. So, the obtained value 
corresponds to the surface electrical resistance of the metallic substrate 
(100 mΩ□). This level of resistance is comparable with the value obtained 
by Ma. Z. et al. [84], for Ag/silica sol-gel coating with metallic fillers.

Other works, from Hübert T. et al. [71] also demonstrated a high surface 
resistance (3.3.103 Ω□) with hybrid sol-gel coating based on carbon black 
on ceramic or glass substrates.

This difference can be explained by the substrate effect. Indeed, in 
our configuration the substrate is electrically conductive (metallic alloy) 
and in the work reported, the substrate is insulating (ceramic). There is an 
influence of the substrate nature on the electrical conduction, especially 
according to the Z axis.

In this other case, the sol-gel coatings were deposited onto insulating 
substrates to study the influence of the only fillers on the electrical conduction 
properties and the facility to achieve the percolation threshold. The sol-gel 
formulations were composed of mixtures: carbon black+graphene (CB+Gr) 
and carbon black+carbon fibers (CB+FC). Nevertheless, graphene and 
carbon fibers were added in a lower content than carbon black. Formulations 
are composed of 75 wt.% of CB with 6 wt.% of Gr and 75 wt.% of CB with 
25 wt.% of FC.

Figure 17 shows the surface microscopic analysis of the coatings. For 
the CB+Gr based coating, the graphene is detected on the surface (zoom 
on the cross-section Figure 17a). It is chemically linked with the sol-gel 
network and the carbon black. With the incorporation of carbon fibers, a 
preferential orientation is proved (Figure 17b). This can be due to the dip-
coating process where the fibers orientate alongside the substrate during 
the withdrawal step.

Figure 17. Surface analysis and optical microscopy on sol-gel coating with 
multi-fillers ((a) carbon black + graphene CB+Gr and (b) carbon black + 
carbon fibers CB+FC)

A cross-section of the coating with CB+FC is presented in Figure 18. 
Carbon fibers are visible in both the bulk and the surface. The thickness of 
the coating is around 7 µm. Efficient chemical links are identifiable between 
carbon fibers, carbon black, and the sol-gel network (dotted square on the 
cross-section-Figure 18). The surface resistance was measured in each 
case. With CB+Gr, the resistance value is around 85 Ω□ (± 6) and for the 
coating with CB+FC, two different surface resistances were determined. 
Indeed, a heterogeneity in the electrical conduction distribution was proved 
because of the fibers orientation during the withdrawal step. In the direction 
of the deposit, the surface resistance is 60 Ω□ (±7) and perpendicularly to 

the deposit the resistance is 110 Ω□ (± 6).

Figure 18. SEM view of the cross-section after FIB preparation of two sol-
gel layers

In the literature, no study is reported dealing with a sol-gel coating 
composed of both carbon black and graphene. For a mixture of carbon 
black and carbon fibers, a work from Enriquez E. et al. [72] is found. The 
surface electrical resistance obtained is of 4.103 Ω□ for a thickness coating 
of 0.5 µm. The substrate is also insulating, but the difference with our work 
can be explained by the fillers ratio in the sol-gel network (75 wt.% of CB 
plus 25 wt.% CF against 20 wt.% of CB plus 1 wt.% of CF in their case).

One of the major advantages of the sol-gel process is the possibility 
to adjust the sol formulation in order to combine different properties in the 
same material. For coatings exhibiting electrical properties, other additional 
properties are often associated, as previously indicated: electrical 
and thermal [71,72], electrical and optical [66-68,70], or electrical and 
mechanical properties [74,78] for instance.

As presented below, sol-gel coatings can be developed with electrical 
conduction properties combined with other physical properties. In the next 
paragraphs two systems based on two sol-gel layers will be presented.

The first architecture is composed of a porous sol-gel coating only 
loaded with carbon black CB and with a sol-gel top-coat with graphene Gr 
fillers. The aim of this architecture is to create electrical conductive paths by 
the first deposit and to fill the porous CB layer to reinforce the mechanical 
properties. Also, it is interesting to bring graphene fillers in the final top-
coat. The Figure 19 exhibits the effect of the top-coat application by dip-
coating process. The infiltration is completed without formation of an extra 
thickness (still 3.5 µm). For the surface electrical resistance, the graphene 
fillers preserve a low resistance, with a value of 150 mΩ□.

Figure 19. SEM Cross-section after FIB preparation of the sol-gel coating 
with carbon black only (a) and the sol-gel CB coating with sol-gel Gr top-
coat (b)

The graphene is known in the literature to bring several other 
interesting properties [95-97]. Here, in addition to the electrical conductivity, 
the graphene is incorporating for mechanical (lubrication) and hydrophobic 
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properties.

The second architecture is composed of two sol-gel layers, in the aim 
to protect the metallic substrate against corrosion and to bring additional 
electrical conduction properties. The challenge is here to merge two 
antagonist properties. The architecture is presented in the Figure 20 
highlighting the intime interface of the two sol-gel layers. The first layer 
was applied by the dip-coating process directly onto the metallic substrate. 
This sol-gel coating was characterized alone in previous works [50] for 
their corrosion resistance properties (500 h to BSN exposure). It is a fully 
electrical insulating coating 4 µm thick. The second layer, 15 µm thick, is 
based on both black carbon CB and graphene Gr fillers to confer surface 
conductivity. A key point is to underline that strong chemical bonds are 
identified between the two layers, which can be possible by the sol-gel 
matrix precursors which are of the same chemical family involving an 
zirconium and silicon mixed matrix.

Figure 20. SEM view of the cross-section after FIB preparation of two sol-
gel layers

The electrical surface resistance is 70 Ω□, in the same range of the 
values listed in the literature on insulating substrate.

Here, the architecture exhibits a new concept with a combination of 
two antagonist properties. Indeed, the electrical conduction and corrosion 
resistance are both ensured even though the conductive materials are 
known to have a low anti-corrosion performance, with the charge transfer. 
A BSN exposure test was realized with this coating, and a very promising 
durability of 168 h (≈ 1 week) was obtained.

A final point detailed in this paper is the development of these electrical 
conductive sol-gel coatings on a very complex in shape substrates. Indeed, 
the final targeted application is to deposit functional coatings onto an 
electrical connector, from Amphenol Socapex Company, for the aerospace 
and military field. These connectors present a particularly complex shape 
and uneven geometry with holes, screw threads and gears.

The sol-gel architecture with successively the porous CB layer and 
the Gr top-coat was deposited on the metallic connector by dip-coating 
process. Figure 21 shows the coated connectors with an efficient covering 
of the coating on all parts of the connector. The dip-coating technique is 
very promising and seems well adapted to sol-gel coating applications on 
complex items, even if some improvements have to be done to limit the 
formation of over thicknesses, partially observed, due to the gravitational 
flow during the withdrawal step. On the flat surfaces there is 4 µm of 
conductive sol-gel coatings but on uneven parts, the thickness can be reach 
15-20 µm.

Figure 21. Sol-gel coating on Amphenol Socapex's connectors by dip-
coating process

Another characterization was investigated on the connector with 
the conductive sol-gel coating, in order that to determine the electrical 
continuity when it is assembled. This test was executed according to a 
military standard MIL-DTL-38999. After assembly, a current of 1 volt under 1 
ampere was applied and a voltage drop is measured in mV. To be complied 
with the standard a maximum value of 2.5 mV must be expected, with 
the sol-gel conductive architecture, an electrical continuity of 0.1 mV was 
measured. This confirms the electrical conductivity performance achieve 
with the carbon based fillers formulations.

Conclusion
The conductive sol-gel coatings constitute an innovative development field 
which can present a great interest in many application fields.

This paper summarizes the different developments of electrically conductive 
sol-gel coatings reported in the literature these last years. These coatings 
may be applied on many different substrates as, polymers, glasses, 
ceramics,… The choice of filler nature depends on the application aimed. 
For example, organic conductive polymers are an efficient alternative for 
electronic devices with the requirement of high flexibility (smartphone 
or computer with new smart screen). For the optical field, graphene or 
carbon nanotubes are preferentially used for their transparency properties 
combined with electrical conduction. Nevertheless, the sol-gel process is 
characterized by the possibility to modify a lot of parameters to achieve 
the required coating. Indeed, after the filler nature is chosen, the filler 
concentration, the sol viscosity, the coating thickness, the deposit technique 
and, the thermal treatment are many parameters to control.

Very promising results are obtained with electrical performances equivalent 
or even better than coatings found in the literature. The investigation field 
is really large with a combination of multiparameters. Indeed, here only 
sol-gel coatings with carbon fillers were presented, but it is conceivable to 
combine fillers with different natures, as metallic and carbon based fillers for 
instance. Furthermore, the feasibility to combine multi-properties with a new 
concept of antagonist criteria such as electrical conduction and corrosion 
resistance has been demonstrated.

In the future, it will be interesting to develop “all-in-one” coating in one step, 
confering these multiproperties.
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