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Obtaining protective coatings based on few-layer graphene particles by

chemical crosslinking
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A new method for producing coatings based on few-layer graphene obtained under conditions of self-propagating
high-temperature synthesis is described. The coating is obtained by chemical cross-linking of few-layer graphene
particles by their functional groups. It has been established that these coatings can effectively protect a metal

substrate from the adverse effects of strong acids.
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Introduction

Fabrication of coatings is one of the most widely used
material surface modification techniques that provide a
material with the desired properties. However, materials that
are currently used for the fabrication of coatings (metals,
polymers, ceramics) aren’t able any longer to satisfy current
industrial needs to the full extent [1]. Therefore, researchers
are looking for new materials and approaches to the
synthesis of more effective coatings. More recently, many
research groups have turned their attention to graphene
nanostructures (GNS) [2]. The reason for this are record-
breaking properties of GNS: graphene thermal conductivity
is 5000 W/(m-K) [3], and Young’s modulus is 1TPa [4],
while the specific surface area is estimated at 2630 m?/g [5].
By the same reasons, researchers developed miscellaneous
coatings on the basis of carbon nanotubes [6]. GNS
were used to make effective protective [7], anticorrosive [8]
and heat conducting [9] coatings. Two main approaches
are used to make GNS-based coatings: by synthesizing
GNS on a substrate and by applying pre-synthesized GNS
to a substrate. In the first case, GNS are formed
on a substrate using physical and chemical techniques,
for example, chemical vapor deposition (CVD) [10,11]
or thermal annealing of silicon carbide [12,13]. This
approach is used to make high quality coatings. Low
performance and expensive equipment are a substantial
disadvantage of the described methods. In the second case,
coating is formed from pre-synthesized GNS particles using
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electrophoretic deposition, spin coating [14], dip coating,
etc. [15] This coating formation approach is much more
effective and technically simple, while the quality of the
resulting coating is highly dependent on the quality of GNS
particles.

The previous study developed a new synthesis tech-
nique for few-layer graphene (FLG, maximum 5 layers)
in the form of cyclic-structure biopolymer powder in
the self-propagating high-temperature synthesis conditions
(SHS) [16], that is free from the Stone-Wales defects [17].
Our previous studies found that FLG synthesized using
this technique could effectively improve the properties of
polymer composites made by DLP 3D printing [18]. Using
the findings, it was supposed that the FLG made in the
SHS process conditions could be used to form an effective
protective coating intended for protection of metal surfaces
in highly corrosive environment.

The purpose of this study was to make protective
coatings from FLG particles synthesized in the SHS process
conditions.

1. Materials and methods

1.1. Feedstock for coatings

FLG was used as feedstock for coatings [19]. FLG was
synthesized from microcrystalline cellulose (AR, Russia).
The essence of the technique is in formation of graphene
planes from carbon backbones originating from various
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Figure 1. Flow chart of coating synthesis from FLG particles by the chemical cross-linking technique.

biopolymer molecules exposed to a high-temperature SHS
wave [20]. The FLG synthesis technique is described in
detail in [16].

1.2. Procedure for FLG particle coating synthesis
by the chemical cross-linking technique.

The features of FLG fabrication process in the SHS
conditions lead to the fact that terminal carbon atoms
are closed mainly by oxygen-containing groups (—OH and
—COOH). This feature was used to form cross-linked FLG
particles through a diisocyanate reaction. Phenols interact
with isocyanates through a concerted electrophilic addition
mechanism. At the same time, hydrogen-bonding-based
phenol-alcohol complexes react with isocyanates through
a concerted nucleophilic addition mechanism. Phenols
catalyze addition of alcohols to isocyanates. Interaction
between the hydrogen-bonding-based phenol-alcohol com-
plexes and isocyanates is kinetically and thermodynamically
more preferable than reactions between isocyanates and
alcohol associates [21]. From these considerations, a ternary
system: FLG particles/diisocyanate/diol, was developed
and put into practice to form cross-linked FLG particles
(graphene coatings). Reaction scheme is shown in Figure 1.

For carboxyl groups, the reaction forms an amide bond,
rather than an urethane bond [22], which also facilitates
FLG particle cross-linking.

To form a durable graphene coating, an effective in-
termolecular bond network (chemical network) shall be
made. Consequently, it was important to determine a total
number of groups with an active proton in the FLG particle
assembly.
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Figure 2. Upgraded system for determining the content of groups
with mobile proton by the Tchugaev-Tserevitinov method. 7 — gas
burette, 2 — glass jacket, 3 — thermometer, 4 — sealing liquid
flexible connecting tube, funnel, 5 — flask, 6 — sealing liquid,
7 — adapter, 8 — reaction vessel.

For this, the Tchugaev-Tserevitinov reaction was used [23].
The scheme of the system upgraded for using powder-like
materials is shown in Figure 2.
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FLG suspension in diisoamyl ether was prepared for the
reaction. The prepared suspension was mixed with the pre-
synthesized Grignard reagent. The following reaction takes
place during mixing:

R-OH + CH3;MgX — R-OMgX + CHy,

where R — is the aliphatic or aromatic radical, X — is
halogen (I).

Reaction proceeds quantitatively. Calculation of groups
with labile proton is based on determining the released
methane volume (cm?) during the experiment. For the FLG
sample this quantity was 18.5 4 0.2 - 1072 mol/g.

1.3. Characterization of FLG and FLG-based
coatings

Electronic images of FLG and FLG-based coatings were
obtained by scanning electron microscopy using the Tescan
Mira 3-M microscope (Czech Republic) with EDX detector
(Oxford instruments X-max, England). The accelerating
voltage was 20 eV.

FLG dispersion was measured by laser diffraction using
the Mastersizer 2000 analyzer (Malverin, USA). A plate
particle model was used for the measurement. For particle
dispersion measurement, a suspension with a concentration
of 0.05wt.% was prepared using ultrasonic bath treatment
during 5 min.

Specific surface area and porosity of FLG were measured
by low-temperature nitrogen sorption using the Brunauer-
Emmett-Teller method (BET) and statistical thickness
method (STSA) on the Sorbi-MS meter (Russia).

Raman scattering spectra (RS) of FLG and of FLG-based
coatings were recorded on the Confotec NR 500 microscope
(Belarus), laser length 532 nm.

Acid resistance of coatings was studied using the follow-
ing procedure: initial steel substrates and coated substrates
were brought into contact with concentrated sulfuric acid
(95%, 3ml) and held in a Petri dish for 72h (25°C,
moisture 40%).

2. Findings and discussion

Figure 3 shows an electronic image of synthesized FLG
particles.

Figure 3 shows that FLG powder particles form aggre-
gates with dimensions up to several tens of microns. Some
fraction of FLG particles with much smaller dimensions may
be also distinguished. Laser diffraction measurements were
performed to determine the particle dimensions (Figure 4).

The measurements show that the test sample contains
FLG particles with sizes up to several tens of microns
(particle volume distribution, Figure 4,a4). On the other
hand, the fraction of such particles is quite small and
most of the FLG particles have dimensions of 0.7—1 um,
(Figure 4, b).

Table 1 shows the energy-dispersive analysis data.
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Figure 3. Electronic image of FLG synthesized from cellulose.
The red square marks the area from which the signal was read
during the energy-dispersive analysis.
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Figure 4. Distribution of FLG particles by volume (a) and
by number of particles (b).

The elemental analysis data proves that the FLG sample
has a composition typical for GNS: an overwhelming
fraction of carbon and a small fraction of oxygen associated
with the end oxygen-containing groups at the sheet edges.

Table 2 shows the specific surface area and porosity
measurements of the FLG powder that was later used to
form coatings.

The specific surface area of FLG measured by the STSA
method is relatively small (81 m?/g), however, by accounting
for the partial contribution of micropores through the BET
method it was found that the total specific surface area of
the sample was much larger and equal to 304 m?/g.
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Table 1. Elemental analysis of the FLG sample made from
cellulose
Element wt.% at.%
Carbon 95.3+£0.2 95.4+0.2
Oxygen 4.7+£0.2 4.6+£0.2

Figure shows an electronic cross-section image of the
synthesized coating on steel substrate.

It can be seen on the electronic image that the synthe-
sized coating is solid and has a thickness of about 70 um.

Figure 6 shows RS spectra of the initial RS and synthe-
sized coating.

RS spectra of initial FLG particles and FLG that form
the coating are very similar and typical of GNS prepared

Figure 5. FElectronic image of the cross-linked FLG particle
coating on a steel substrate.
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Figure 6. RS spectra of initial FLG particles (/) and coating (2).

Figure 7. Acid resistance test results for cross-linked FLG particle
coatings: @ — 24h exposure, b — 72h exposure. Here, 1,3 — the
steel substrate, 2,4 — the coating.

in powder form [24,25]. D-peak, G-peak and a region
containing 2D- and D + G-peaks are clearly seen on the
spectra. G-peak in GNS is associated with extension carbon
atom bonds in sp?-hybridization, while G-peak is associated
with the presence of various structural defects [26]. Using
the intensity ratio of D- and G-peaks that is 0.81 for initial
FLG, the presence of various types of defects in initial FLG
particles is suggested, except the Stone-Wales defects. After
formation of the coating, the intensity ratio of D- and G-
peaks becomes equal to 0.86, which may indicate a minor
reduction of defect content.

Acid test of the synthesized coatings was the key
experiment of this study (Figure 7).

As shown in Figure 7, a, a chemical effect of sulfuric acid
(corrosion) on the uncoated steel substrate is clearly seen
after 24h (1) , and is not observed in the coated region (2).
After 72h (Figure 7,b), corrosion in the uncoated steel
substrate region is aggravated due to full consumption of
sulfuric acid, while the coated region remains completely
unchanged and the volume of sulfuric acid is not changed.

Conclusion
A technique of coating fabrication from FLG powder was

first developed. The employed FLG feature their synthesis
in the SHS process conditions.
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Table 2. FLG specific surface area and porosity measurements

Specific surface area,
STSA method, m%/g

Specific surface area,
BET method, m%/g

Pore volume, cm®/g Micropore volume, cm®/g

81+4 304 £8

The FLG cross-linking method developed in the course of
work can be used to easily form coating on large samples.
The formed coatings represent solid coatings that effectively
protect a steel substrate against adverse impact of strong
acids, which suggests their high performance as protective
coatings.

Future studies will investigate tribotechnical, thermophysi-
cal and electrophysical properties of coatings prepared using
the chemical cross-linking technique.
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