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The features of wetting of polymer PET substrates by multicomponent graphene oxide suspensions were studied.

The possibility of improving the wetting of PET substrates by introducing additional organic components into

commercially available graphene oxide suspensions was examined. N-Methylpyrrolidone, dimethylacetamide, and

two types of enamel paint thinners were used as additional components. The wetting angle was reduced successfully

in all cases. The drying time of droplets of multicomponent suspensions was also analyzed. Depending on the

ratio of components and the type of dispersion medium, the drying time may vary by a factor of 3–40, which
has a significant influence on the applicability of suspensions in aerosol deposition and centrifugation processes.

The suspensions with n-methylpyrrolidone and dimethylacetamide remained stable for more than 2months, and a

stability period of approximately 1.5months was demonstrated for the suspension with an enamel paint thinner.
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Introduction

Modern electronics advances not only in the
”
main“

direction of construction of increasingly fast and functional

devices based on classical semiconductor materials, such

as silicon, germanium, or AIIIBV compounds, but also in

the direction of fabrication of flexible [1] and organic [2]
electronic devices. The trends in development of

”
smart“

electronic devices indicate that flexibility will become one

of the most important requirements for such devices in the

near future [3]. Flexibility should expand significantly the

opportunities for integration of new devices. Specifically,

it will become possible to produce flexible wearable solar

panels, aircraft wings, car bodies, and other structures of

complex non-rectangular shapes; chemical and biological

sensors integratable into clothing; stents; implants;
”
smart“

tattoos; flexible displays, which are already being used in

the latest generations of smartphones; etc. Recent world

events have also clearly outlined the trend toward the

construction of various drones, including bionic ones, that

also require flexible materials (primarily for the fabrication

of actuators [4]). In addition, since the reserves of

indium on the Earth are limited, the search for alternative

materials providing a low film resistance (on the order of

several �/�) and high transparency (transmittance in the

visible spectral region on the order of 85−90%) is highly

relevant. However, the above-mentioned tasks require novel

materials that provide semiconductor (or simply conductive)
properties coupled with mechanical flexibility.

The research into synthesis of new electronic mate-

rials potentially lifting the restrictions on flexibility and

shape of electronic products has been ongoing since the

2000s. Various materials have been tested since the

start of the 21st century. Among those attracting the

most attention were carbon-based structures: fullerenes [5],
nanotubes [6], graphene [7] and its derivatives (graphene
oxide and reduced graphene oxide [8]), as well as organic

semiconductors [9] and small organic molecules, which

often feature semiconductor properties [10].

In addition, wearable devices are often fitted with a set

of sensors, which currently includes an accelerometer, light

sensor, barometer, and heart rate monitor. Wearable devices

are a very promising platform for monitoring the health and

environment of their user, and it is clear that the range of

sensors integrated into them will expand significantly in the

future. Specifically, the introduction of a set of chemical and

biological sensors should help improve the quality of life of

a person wearing such devices.

In the context of fabrication of chemical and biological

sensors, reduced graphene oxide appears to be the most
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promising of all the mentioned materials. On the one hand,

it provides flexibility, which is important for producing elec-

trically conductive layers both in sensors and (potentially)
in flexible solar panels and displays. On the other hand,

various methods for controlling the degree of reduction

of graphene oxide are already known [11,12]. Controlled

reduction of graphene oxide should enable the construction

of sensor electrodes and provide the broadest possibilities

for its modification with various sensitive molecules.

Graphene oxide may be synthesized in different ways.

The most common is the Hummers’ method (both classical

and modified). The production of graphene oxide by

the Hummers’ method involves the oxidation of graphite

with a mixture of strong acids (sulfuric and nitric) in the

presence of potassium permanganate. The obtained graphite

oxide is subjected to ultrasonic treatment and rinsed with

deionized water to remove residual acids and salts [13].
The resulting graphene oxide has a high concentration of

oxygen-containing functional groups, which, in turn, makes

it highly hydrophilic. Among the standout properties of

graphene oxide obtained by the Hummers’ method are

the thickness of its sheets, which ranges from several

nanometers to several micrometers, and strong absorption of

light in the ultraviolet and visible spectral regions. It should

also be noted that the electrical conductivity is initially

low, but may still be adjusted by using certain thermal or

chemical reduction methods and reducing the concentration

of various functional groups [14,15].
The Staudenmaier method is fundamentally similar to the

Hummers’ one, but a mixture of nitric and sulfuric acid in

the presence of potassium chlorate is used [16]. The yield

of graphene oxide is increased due to the use of potassium

chlorate that acts as a catalyst for the oxidation reaction.

The primary disadvantage of the method is the production

of chlorine gas in the reaction. Its advantages include the

mentioned higher yield of graphene oxide and the potential

for a more precise control (compared to the Hummers’

method) over the degree of oxidation of graphene [17]. In

addition, graphene oxide obtained this way is less prone to

agglomeration in various dispersion media.

The Tour method is another acid-based synthesis tech-

nique [18]. A mixture of concentrated sulfuric and nitric

acids is used in it, and several processing steps are added. In

general, this method allows for even more precise control of

the degree of graphene functionalization and the thickness

and size of graphene oxide sheets [19]. In addition,

graphene oxide obtained this way is even less prone to

aggregation in various dispersion media.

The electrochemical synthesis of graphene oxide relies

on exfoliation of graphite in the presence of an elec-

trolyte [20]. Despite its simplicity, this method provides an

opportunity to synthesize high-quality graphene oxide with

a significant degree of graphitization. However, it requires

specialized equipment and, consequently, is used less often

than the three methods described above. Controlling the

reaction conditions, such as electrolyte composition, pH,

temperature, and applied voltage, one may achieve a high

degree of homogeneity and low defect density of the

synthesized graphene oxide sheets. In addition, the method

allows for even more precise control over the degree of

functionalization and the type of functional groups, opening

up the possibility of synthesis of graphene oxide tailored for

specific applications [21].
That said, controlled formation of uniform graphene oxide

films of a given thickness on polymer substrates is still far

from being a fully solved problem (especially in the context

of at least small-scale industrial production). According

to literature data, graphene oxide films may be formed in

various ways. For example, the Langmuir–Blodgett method

was used in [22,23]. On the one hand, this method allows

one to form thin (even single-layer) films of graphene oxide;

on the other hand, it has low potential for scalability and

incurs long processing times for a single sample [24]. Drop-
casting [25], dip-coating [26], and rod-casting [27] have

also been used successfully to form graphene oxide films.

However, these methods also have scalability issues and

often fail to provide sufficient homogeneity of the applied

film.

Aerosol deposition [28], inkjet printing [29], and spin-

coating [30] deserve a mention among the methods that are

best suited for synthesis of macroscale thin homogeneous

films of graphene oxide. Aerosol deposition originated as

a method that allows one to apply coatings to large-area

surfaces. It is widely used in various industries and in

the engineering of new materials and devices [31]. Just

as aerosol deposition, inkjet printing belongs to the group

of additive methods of formation of films and devices based

on them and offers such advantages as high repeatability,

scalability, and fairly high operating speed [32]. The main

advantage of spin-coating is the rate and ease of synthesis

of highly homogeneous films on the substrate surface [33].
All three of the above methods involve the use of

solutions; therefore, the characteristics of interaction of the

solution applied to the substrate are crucial for efficient film

synthesis [32]. In all these three methods, the film formation

process is affected significantly by the characteristics of

the deposited solution (or, in the case of nanomaterials,

the deposited suspension). One of the most important

of them is wetting of the substrate by a suspension

containing graphene oxide. Since water, which is the

most common dispersion medium for graphene oxide,

does not wet PET substrates well, one needs to increase

the substrate surface wettability in one way or another.

However, traditional methods of wettability enhancement

(in particular, mechanical or plasma treatment [34]) may

be inapplicable due to the formation of a significant

relief of the substrate surface, which precludes one from

synthesizing films with thicknesses on the order of a few

nanometers. Another possibility is to alter the surface

properties chemically by adding certain functional groups

or molecules [35,36]. However, if applied in experiments

with a graphene derivative, this approach is likely to affect

the electronic properties of the resulting films, which is an

undesirable effect.
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Another approach is to modify wettability by adjusting

the properties of the deposited graphene oxide-containing

suspension itself. This requires the use of additional

components that facilitate the dispersion of graphene oxide

by themselves. Unfortunately, literature data on the features

of dispersion of graphene and its derivatives in various

dispersion media are scarce. A systematic description of

approaches to selecting the optimum dispersion medium for

graphene oxide has also not been compiled yet.

The authors of one of the earliest studies [37] examined

the possibility of dispersing graphite oxide in 13 different

dispersion media. It was demonstrated that, in addition to

water (which was taken as a reference), graphene oxide may

be dispersed in dimethylformamide, n-methylpyrrolidone,

tetrahydrofuran, and ethylene glycol. The authors noted

that the mechanisms for maintaining the stability in the

above media remained unclear at the time of publication. A

necessary but not sufficient prerequisite is a sufficiently high

dipole moment of the dispersion medium, which allows for

interaction with the functional groups contained in graphite

or graphene oxide. However, the stability of a suspension in

dimethyl sulfoxide, which has a significant dipole moment

of 4.09D, was weak.

An attempt to compare the dispersibility of graphene

oxide in different media has also been made in [38], where

nine organic solvents were examined as dispersion media

(the tenth reference solvent was water). It was demon-

strated that stable suspensions of graphene oxide form in

tetrahydrofuran, dimethylformamide, ethylene glycol, and

pyridine. In addition, the stability of suspensions based

on water, dimethylformamide, ethylene glycol, and pyridine

may be enhanced by introducing an additional suspension

component: cholic acid (a surfactant). The use of mixed

surfactants for stabilization of graphene suspension has been

demonstrated later in [39].
The authors of [40] have tested the largest number of

different organic solvents for dispersing graphene oxide

and reduced graphene oxide. It was found that graphene

oxide forms a stable suspension in such substances as

n-methylpyrrolidone, dimethylformamide, and ethylene gly-

col, to which o-dichlorobenzene and 1-chloronaphthalene

should be added in experiments on dispersing reduced

graphene oxide. The authors cited the similarity of

solubility parameters of the dispersion medium and the

dispersed material (namely, the Hansen and Hildebrand

parameters) as selection criteria. More specifically, the

Hildebrand parameter (δT ) was used as the governing

comparison criterion. Its values are 25.4MPa1/2 and

22MPa1/2 for graphene oxide and reduced graphene

oxide, respectively, while the dispersion media have a

Hildebrand parameter of 47.8MPa1/2 (deionized water),
33MPa1/2 (ethylene glycol), 24.9MPa1/2 (dimethylfor-

mamide), and 23MPa1/2 (n-methylpyrrolidone). Thus,

according to the reported results, the dispersion medium

should be selected by comparing its Hansen and Hildebrand

parameters with those of graphene oxide or reduced

graphene oxide.

The solubility of graphene oxide in various dispersion

media has also been studied in [41]. The obtained results

agreed in general with those discussed above. Tetrahydrofu-

ran, n-methylpyrrolidone, dimethylformamide, and ethylene

glycol are the solvents that form a stable dispersion medium

for graphene oxide.

Reviewing the history of dispersion studies, one may

note that a fairly small set of organic solvents potentially

serving as a dispersion medium for graphene oxide has been

investigated.

In the present study, we try to improve the wettability

of PET substrates by using a multicomponent dispersion

medium and evaluate the prospects of application of the

examined multicomponent dispersion media in synthesis

of graphene oxide films by aerosol deposition and spin-

coating. One of the set criteria was that the additional

component itself should be a fine dispersion medium

for graphene oxide (or similar finely dispersed systems).
N-Methylpyrrolidone (δT = 23MPa1/2), which was found

to provide stable suspensions of graphene oxide, was

investigated as one of the additional components. Another

component, which has previously been demonstrated to

be suitable for dispersing functionalized carbon nanotubes

(similar to graphene oxide in that they have a large

number of different functional groups on their surface),
was dimethylacetamide [42] with δT = 22.50MPa1/2. It

was also decided to examine a commercially available

lacquer thinner, which is a mixture of ethylene glycol

(δT = 33MPa1/2), butyl glycol (δT = 20.8MPa1/2), and

methyl isobutyl ketone (δT = 17MPa1/2), as an additional

component of the dispersion medium. Generally speaking,

such a mixture should ensure fine dispersibility of graphene

oxide. A similar thinner with an added drying retarder

was also tested. The indicated lacquer thinners are

recommended for use in spray printing, where the sizes

of dye particles are very close to those of graphene oxide

particles.

It was found that all the mentioned additional components

reduce the wetting angle of the multicomponent suspension

(compared to the initial aqueous suspension), but provide
significantly different droplet drying times. Thus, the lacquer

thinner was identified as the optimum additional component,

since the drying time determined in experiments with it is

the closest to the characteristic time of spin-coating and

aerosol deposition processes. At the same time, the multi-

component suspension with the lacquer thinner remained

stable for at least 5weeks without any additional ultrasonic

treatment.

1. Materials and methods

An aqueous suspension of graphene oxide with a

concentration of 3.11mg/ml synthesized by the modified

Hummers’ method (OOO
”
MIP Grafen“, Russia) was

used as the starting component for the preparation of

multicomponent suspensions of graphene oxide. The

Technical Physics, 2025, Vol. 70, No. 3
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Ratio of components of multicomponent dispersions used in the

study

Ratio of components Concentration of the obtained

(initial GO dispersion: multicomponent

additional component) dispersions, mg/ml

1:9 0.31

2:8 0.62

3:7 0.93

4:6 1.24

5:5 1.56

6:4 1.87

Digital camera
Stage

Mechanical pipette
Measuring sample
(droplet) LED lamp

on flexible
holder

Adjusting
screws for
the stage
position

USB cable
to computer

3.5× lens

Focusing screw

Basement

Figure 1. Diagram of the setup for wetting angle measurement.

characteristics of graphene oxide used in the present study

were discussed in more detail in [43]. The additional com-

ponents were n-methylpyrrolidone (N-MP; UHP, EKOS-1,

Russia), dimethylacetamide (DMA; UHP, EKOS-1, Russia),
a lacquer thinner (LT; Tamiya Ink., Japan), and a lacquer

thinner with a retarder (LTr; Tamiya Ink., Japan). These

components were mixed with the initial suspension in

proportions listed in the table. Mixing was performed by

sampling the required volume of the initial aqueous suspen-

sion of graphene oxide with a mechanical pipette and adding

the required amount of the additional component of the

dispersion medium (also with a mechanical pipette). The

obtained multicomponent suspensions were then processed

in a Stegler 10DT ultrasonic bath (240W, China) for 30min.

A PET film with a thickness of 125µm and no additional

surface treatment was used as a substrate for film deposition.

Substrates 10× 10mm in size were used to determine

the wetting angle. Prior to the wetting angle evaluation,

the substrates were cleaned in 2-propanol with subsequent

drying in an air flow with a pressure of 4 atm.

A proprietary instrument based on a UM-301 microscope

was used to examine the wetting angle. It includes a

horizontally mounted UM-301 microscope, a digital CMOS

camera with a resolution of 5MP (China), a PLAN

3.5× 0.10 lens (LOMO, USSR), and a LevenhukMS3

substage with a sample stage secured to it (Fig. 1). The

substrate was secured to the sample stage with double-

sided tape. Droplets were deposited manually using a

mechanical pipette. Since a mechanical pipette was used,

each measurement for each type of suspension was repeated

at least 4 times to minimize dosing error. Wetting angle

photographs were prepared using the software (ImageView)
supplied with the digital camera. ImageView allows one to

obtain photographs and video recordings (including those

slowed down or sped up by a factor up to 20) through the

microscope lens. The ImageJ program (https://imagej.net)
was used to process data and determine the wetting angle.

It is an open-source program developed by the US National

Institutes of Health for analyzing and processing scientific

images. The volume of droplets deposited by the mechanical

pipette was 0.4µl. The drying time was determined by

identifying the moment of visual disappearance of a droplet

viewed through the lens of the wetting angle meter and

leveling of the PET substrate surface. This time was

measured by the scale in the digital camera control program;

the starting point was the moment a droplet hit the substrate,

and the end point was the moment when liquid disappeared

from the field of view . The images of droplets of

multicomponent suspensions obtained using the software

supplied with the camera were processed further with the

”
Contact Angle“ plugin in ImageJ.

The substrates were dried in a Stegler VAC-24 vacuum

oven at a temperature of 110 ◦C for 30min.

Raman spectra were recorded with an InVia spectrometer

(Renishaw, UK) at a laser wavelength of 532 nm and

an accumulation time at a point of 30 s (the overall

spectrum measurement time was close to 20min). High-

magnification images of the surface were obtained using

a Hitachi TM-3000 scanning electron microscope (Japan)
at an accelerating voltage of 15 kV and a magnification

of 1200×.

2. Results and discussion

The wetting angle and the drying time were determined

by imaging a droplet with the digital camera of the

wetting angle determination setup. Images of droplets

of multicomponent suspensions of graphene oxide are

presented in Fig. 2. The dependences of the wetting angle

on the ratio of components of the dispersion medium were

obtained for multicomponent suspensions of graphene oxide

(Fig. 3). The dependences of the drying time of droplets

of multicomponent suspensions on the ratio of components

of the dispersion media were also obtained (Fig. 4). The

dependence of the wetting angle on the concentration

of graphene oxide in a multicomponent suspension was

near-linear in all cases; the wetting angle increased with

increasing concentration of graphene oxide. This general

trend of the wetting angle increasing with concentration

is characteristic of suspensions containing nanoparticles

and was reported in [44,45]. The increase in wetting

angle is attributable to the specifics of surface tension

of a nanoparticle-containing liquid near the triple line,

Technical Physics, 2025, Vol. 70, No. 3
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a b c
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Figure 2. Photographic images of droplets of multicomponent GO dispersions with different (initial GO dispersion: additional component)
ratios on a PET substrate: a — 1:9 in NMP; b — 3:7 in NMP; c — 6:4 in NMP; d — 1:9 in DMA; e — 3:7 in DMA; f — 6:4 in DMA;

g — 1:9 in LT; h — 3:7 in LT; i — 6:4 in LT; j — 1:9 in LTr; k — 3:7 in LTr; and l — 6:4 in LTr.

which, in turn, changes due to the cohesive and adhesive

interaction between water molecules and nanoparticles at

the interphase surfaces, inducing an enhancement of the

wetting angle at higher concentrations of nanoparticles. In

certain cases (e.g., in a suspension of bismuth telluride

nanoparticles), the wetting angle reaches its peak value at a

specific concentration of nanoparticles [44].

In addition, according to [45], a reduction in particle size

in the suspension leads to an increase in wetting angle,

which is what is apparently observed in the present study,

since the average wetting angle at high concentrations of

NMP and DMA is 3−6◦ greater than the one corresponding

to LT. It is assumed that a better dispersibility and a smaller

size of graphene oxide particles are achieved in NMP and

DMA, which is confirmed indirectly by the better stability

of these suspensions observed during long-term (weeks and

months) storage. It should also be noted that large values of

the measurement error are attributable to the fact that the

mechanical pipette was used for droplet deposition. Since

this error cannot be eliminated in the current design of the

setup, wetting angle measurements with droplets deposited

onto separate substrates were repeated at least four times for

each type of additional component and each concentration

studied.

The obtained droplet drying times for suspensions con-

taining NMP and DMA as additional components are rather

significant and exceed 20min (1200 s in Fig. 4 should be

understood as
”
more than 1200 s“). Thus, judging by the

drying time values, the suspensions containing LT or LTr as

an additional component should be the best suited for film

synthesis by spin-coating and aerosol deposition, since they

provide drying times close to that of the indicated processes.

Apparently, the optimum medium for synthesis of thin

films of graphene oxide on the surface of polymer substrates

is a multicomponent suspension containing LT as an addi-

tional component with a concentration of 0.62−1.24mg/ml,

since the smallest spread in the wetting angle values is

an indirect indication of the maximum homogeneity and

stability of these dispersions.

On the one hand, the use of NMP and DMA as additional

components of the dispersion medium is feasible; on the

other hand, it will necessitate the use of a heating system

for the substrate or the working chamber of the deposition

setup and require a longer drying time after the deposition

process. It should be noted that, apparently, DMA provides

an opportunity to obtain a more stable dispersion medium,

since the spread of wetting angle values is significantly

smaller at all the studied concentrations of graphene oxide.
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Figure 3. Dependence of the wetting angle on the ratio of dispersion components and the additional component type: NMP (a),
DMA (b), LT (c), and LTr (d).
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Figure 4. Dependence of the droplet drying time on the ratio

of dispersion components and the type of additional component:

NMP (a), DMA (b), LT (c), and LTr (d).

Thus, it was demonstrated that the use of additional com-

ponents allows one to improve the wetting characteristics of

PET substrates, and the most promising of these additional

components is a lacquer thinner due to the similarity of

the surface morphology of the resulting films and the fact

that the drying time is close to the characteristic time of

aerosol deposition and spin-coating processes. This should

help reduce the overall time of film synthesis and avoid

unnecessary complication of the deposition setup, since an

additional heating chamber is not needed in this case.

Following droplet drying, the substrates were introduced

into a vacuum oven and subjected to heat treatment

at 110 ◦C for 30min. The droplet regions were then imaged

with a scanning electron microscope (SEM). Raman spectra

of these regions were also measured.

SEM images of the PET surface with deposited droplets

of multicomponent suspensions are shown in Fig. 5. It

can be seen that only individual sheets of graphene oxide,

which do not form a continuous film, are present in the

Technical Physics, 2025, Vol. 70, No. 3
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Figure 5. SEM images of GO dispersion droplets on the PET substrate: a — 1:9 in NMP; b — 3:7 in NMP; c — 6:4 in NMP; d — 1:9

in DMA; e — 3:7 in DMA; f — 6:4 in DMA; g — 1:9 in LT; h — 3:7 in LT; i — 6:4 in LT; j — 1:9 in LTr; k — 3:7 in LTr; and l — 6:4

in LTr.

region of a droplet of a suspension with a component ratio

of 1:9 (a concentration of 0.31mg/ml). Thus, regardless

of the type of additional component used, minimum-

concentration suspensions do not guarantee the formation

of a continuous film. In view of this, suspensions of the

indicated concentrations are applicable only in such cases

where the deposition of loose individual sheets of graphene

oxide is needed.

At higher concentrations of 3:7 and 4:6, a continuous

graphene oxide film forms within a 50× 50µm region. This

is already useful for fabrication of chemical and biological

sensors and flexible electronic devices. At even higher

concentrations, a continuous film with less pronounced

folding of the upper layer and a more significant difference

in height is formed. These features are indicative of a

substantial thickness of such films.

The results of Raman spectroscopy are consistent with the

SEM imaging data: they reveal spectra typical of graphene

oxide with characteristic peaks in the region of 1350, 1615,

and 2950 cm−1. Figure 6 presents the dependence of the

intensity ratio of peaks D, G, and 2D on the ratio of

components of the dispersion medium. First, it should be

noted that the shape of the obtained spectra is close to the

one reported in literature [46]. In addition, the intensity

ratio of the main characteristic peaks of graphene oxide

is also consistent with the available data. Specifically, a

slight linear growth of ID/IG with increasing graphene oxide

concentration is observed. According to [46], ratio ID/IG

characterizes the degree of graphitization of graphene oxide

and increases with an increase in the number of defects. In

the present study, the increase in ID/IG should be attributed

to the formation of films of a larger area and thickness (with

Technical Physics, 2025, Vol. 70, No. 3
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Figure 6. Dependence of the intensity ratio of peaks ID/IG (a) and I2D/IG (b) on the suspension component ratio; Raman spectra for a

graphene oxide concentration of 0.92mg/ml with DMA (c) and LT (d) being the additional component of the dispersion medium.

a corresponding increase in the amount of material from

which the spectra are recorded). The I2D/IG ratio remains

unchanged within 0.05−0.1 a.u. in the case of deposition

of graphene oxide films from suspensions containing NMP

and LTr; in experiments with LT and DMA used as the

additional components, this ratio fluctuates slightly around

the values of 0.29 and 0.31, respectively. Therefore, it

may be concluded that all the obtained films consist of

separate sheets that are fairly close in thickness; i.e., all

additional components provide similar levels of dispersion

of the suspension. The formation of films of a larger area

should be attributed to an increase in the concentration

of graphene oxide; in the case of DMA and NMP, the

thickness of films is greater than the one corresponding to

LT and LTr, since peaks from PET are present in the Raman

spectra in the latter two cases, indicating a smaller thickness

of the deposited graphene oxide film. The obtained data on

morphology and structure of graphene oxide films formed

from multicomponent suspensions agree in general with

literature data [47–49]. In addition, the lack of peaks

unrelated to graphene oxide and PET in Raman spectra

suggests that the dispersion medium is largely evaporated

in the process of heat treatment at 150 ◦C in vacuum.

The stability of multicomponent suspensions was investi-

gated by their visual examination for the presence of large

agglomerates of graphene oxide. No agglomerates formed

in more than 60 days of observation of suspensions with

NMP and DMA used as the additional components. In

the case of LT, agglomerates formed approximately after

40−45 days, and agglomeration in the suspension with LTr

occurred within a few hours, which is naturally related to

the presence of a retarder in it. It should also be noted

that, according to [50,51], the degree of functionalization of

graphene oxide changes during long-term storage. Specifi-

cally, it was demonstrated in [50] that the number of epoxy

functional groups decreases during long-term storage in

an oxygen-containing atmosphere. Thus, in-depth studies

should take into account the possible variation of the degree

of functionalization of graphene oxide both in a suspension

and in a film. Therefore, it may be assumed that the degree

of functionalization of graphene oxide in the dispersions

examined in the present study does also change. At

the same time, since carboxyl functional groups are the
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ones most important for immobilization of the sensitive

layer molecules in sensors, a reduction in the number of

epoxy groups should not have a noticeable effect on the

characteristics of sensors.

In general, the obtained result does also verify indirectly

the validity of determination of the optimum dispersion

medium for graphene oxide based on the Hildebrand

parameter value, since it is evident that multicomponent

suspensions containing components with a Hildebrand pa-

rameter close to that of graphene oxide (or higher) are more

stable, meaning the lack of visible macro-sized aggregates in

them.

Conclusion

The feasibility of control over the wetting characteristics

of PET substrates via the introduction of additional organic

components into a commercially available aqueous suspen-

sion of graphene oxide was demonstrated. A lacquer thinner

is the best of the considered additional components in terms

of processibility and potential to synthesize macro-sized

films. N-Methylpyrrolidone and dimethylacetamide are also

viable additional components, since the films obtained with

their use have a somewhat lower defect density. However, a

heating system for the substrate or the working chamber of

the deposition system is required in this case. According

to the electron microscopy data, films with dimensions

sufficient for use in flexible electronics and sensor devices

are formed with a component ratio ranging from 2:8 to

4:6 (∼ 0.6−1.3mg/ml) with respect to the concentration of

graphene oxide. In addition, the validity of the concept of

determining the optimum dispersion medium based on the

Hildebrand parameter was confirmed indirectly.
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