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Abstract. This article explores a method for determining the concentration of graphene
dispersion using the integral optical technique based on the Beer-Lambert-Bouguer law for
direct ultrasonic exfoliation method. The results showed nonlinear dependence of conductivity
on concentration, indicating fundamental differences in the mechanism of exfoliation at dif-
ferent solid phase concentrations. Graphene dispersions in ethylene glycol also exhibited low
transmittance in the visible region of the spectrum, which requires the use of other research
methods for higher concentrations. Extinction coefficients were determined to calculate the
concentration of graphene in the dispersion, which allows for the calculation of light absorption
in the solution at a certain concentration and beam path length. The obtained results can be
useful for further use of graphene in optoelectronic devices. Additionally, the concentration
of few-layered graphene particles was calculated in the suspension obtained by liquid-phase
exfoliation method with an initial graphite concentration of 6 mg/ml.
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AnHoTanusa. B maHHOIT cTtaThe pa3paboTaH crioco0 ompenejeHUsT KOHIIEHTpaluuu rpadeHa
B CYCMEH3UM B STWICHIJIMKOJIE MHTETPaJIbHBIM METOIOM, OCHOBAaHHBIM Ha 3akoHe Jlambepra-
byrepa-bepa. PesynpTaTel TOKazaaud HEJIUWHEWHYI0 3aBUCUMOCTb 3JEKTPOMPOBOIHOCTU
OT KOHIICHTpAallMM, 4YTO YKa3bIBaeT Ha IPUHIMUIIHAIbLHBIC OTIMYMS MeXaHH3Ma Ipolecca
sKcoIMaluM MpPU Pa3IMYHBIX KOHLEHTpauusx TBepaoil ¢aspl. CycneHsuu rpadeHa B
STUICHTJIMKOJIe UMEIM HU3KYIO MPOIYCKHYIO CIIOCOOHOCTh B BUAUMMOM 00JaCTH CIIEKTpa, 4TO
TpeOYET UCITOIB30BaHUST APYTUX METOJOB MCCIEAOBAHUS AJIs1 O0Jee BBICOKMX KOHILIEHTPAaLUiA.
st pacueta KOHUEHTpauuu rpadeHa B CyCHeH3Uu ObUIM oIpeaeaeHbl KO3(( ULMEHTH
OKCTUHKIIMU, KOTOPbIE IIO3BOJISIIOT pacCUMTaTh TMOTJOIIEHWEe CBeTa B pPacTBOpE TP
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OIlpe/Ie/ICHHOM KOHLEHTPALUUU U JUIMHE ONTUYEeCKOro IyTu. [losydyeHHbIe pe3yabTaThl MOTYT
OBITh TIOJIE3HBI JJIST JaJbHEHMIIEro UCIIOIb30BaHusI TpadpeHa B ONTORJIeKTpOHMKe. Takke, Oblia
paccuMTaHa KOHIIEHTpAIUs MaJIOCIOMHBIX I'pad)eHOBBIX YAaCTUIl B CYCIIEH3UHU, ITOJYYECHHOM
METOJOM XUAKOMA3HON sKCchoMMalum, ¢ KOHIEHTpalUel UCXOMHOro rpaduTta 6 Mr/mi.
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Introduction

Graphene is a unique material that attracts research attention worldwide due to its properties.
High electrical conductivity, mechanical strength, as well as thermal and chemical stability allows
graphene to be used in various fields of science and technology [1, 2]. Graphene was first obtained
and described by Novoselov and Geim in 2004. They proposed a method called mechanical
exfoliation, which involved repeatedly using adhesive tape to peel off layers of graphite. The
starting material was highly oriented pyrolytic graphite. Although this method allows for the
production of high-quality atomically thin layers, scaling it up is not feasible, and therefore its
application in different devices is limited [3]. One practical area where graphene is of interest
is optoelectronics, where it can be used as transparent electrode or light-absorbing material [4].
Liquid-phase exfoliation represents a scalable approach to graphene production. It involves only
single technological step, maintains the integrity of graphene layer structure, and allows for the
production of suspended graphene that is convenient for further use [5, 6]. However, this synthesis
method requires refinement and optimization of particle analysis methods. It is important to
know particle concentration in dispersions, as it can influence the properties of the resulting
materials. One possible method for conducting this analysis is the integral optical method based
on the Beer-Lambert-Bouguer law [7].

Materials and Methods

We used natural graphite (GE grade) and ethylene glycol (purified, JSC “ECOS-17) for
graphene production. Graphite powder with an ash content of up to 10% by weight underwent
thermal treatment in an industrial graphite furnace at 2800 °C and thermal treatment in a freon-12
atmosphere at 2200 °C (technology of JSC “VNIIEI”). After the treatment, the content of mineral
impurities did not exceed 0.01% by weight, and the maximum particle size was 200 pm.

The concentration of the dispersed phase varied in the range of 0.01 to 20 mg/ml. Graphene
was obtained by liquid-phase exfoliation using a Melfiz MEF-391 ultrasonic disperser with a
horn-type probe. The dispersions were processed for 7 hours.

Centrifugation of the dispersions was performed using a Hettich EBA280 centrifuge (Austria).
The processing was carried out for 30 minutes at 4000 rpm rotation speed.

Electrical conductivity was measured using a Seven Compact S230 compact conductivity
meter (Mettler Toledo, Switzerland) with an InLab 710 sensor.

Optical spectra were obtained using a Cary 60 UV-Vis spectrophotometer (Agilent Technologies)
in a quartz cuvette with an optical path of 1 cm.

Results and Discussion

The electrical conductivity of the dispersions obtained by the aforementioned method
was studied over a wide range of concentrations (1—20 mg/ml). Based on the obtained data
(Fig. 1), it can be concluded that there is a non-linear dependence of electrical conductivity on
concentration in graphene dispersions in ethylene glycol (EG). This suggests that the mechanism
of the graphene dispersion formation (exfoliation) and the emergence of electrical conductivity
likely have fundamental differences at different concentrations of the solid phase. To further
analyze and understand these results in more detail, additional research is needed.
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For any types of dispersions manufactured using this method, it is necessary to determine the
concentration of the obtained graphene. Since the processed dispersion becomes transparent after
centrifugation, optical methods can be applied to determine the concentration. The presence
of graphene and few-layered graphene particles in the suspensions after centrifugation has been
confirmed in previous works by the authors [6, §].
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Fig. 1. Dependence of electrical conductivity on the concentration of the solid phase after 7 hours of
ultrasonic treatment

Graphene dispersions in ethylene glycol exhibited low transmittance for the visible spectrum in
the majority of the investigated concentration range. Due to this limitation, only low concentrations
of graphene in the range up to 0.1 mg/ml were studied using the integral method. Other research
methods will be required for higher concentrations. The spectra for concentrations of 0.1, 0.05,
0.025, and 0.01 mg/ml are presented below, which were used for the calculation (Fig. 2).

By applying the Beer-Lambert-Bouguer law, which is one of the fundamental optical laws
used for measuring the concentration of solutions, we can establish a relationship between light
absorption and solution concentration, as well as the path length of light through the solution.
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Fig. 2. Absorption spectra for the investigated concentrations

Initially, extinction coefficients were calculated, which serve as a measure of a substance's
ability to absorb light of a specific wavelength. The extinction coefficient allows for the calculation
of light absorption in the solution at a given concentration and optical path length.

A=¢ls (1)
where A is light absorbtion, ¢ is extinction coefficient, / is distance traveled by light (1 cm), and
¢ is concentration.

The obtained data is presented in Table 1.
To confirm the accuracy of the calculations and the validity of this method in general. a

separate sample was chosen for which the light absorption was experimentally measured at a
known concentration of graphene (~ 0.025 + 0.002 mg/ml) (see Table 2).
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Table 1
Calculation of extinction coefficients
Wave length, Concentration, Concentration, . Extlncjuon
am mg/ml mol/l Absorbtion lcoeff'if:lentj1
‘mol!-cm
0.010 0.000833 0.3927
0.025 0.002083 0.5945
1050 0.050 0.004167 1.3131 277.46
0.100 0.008333 2.2134
0.010 0.000833 0.3429
0.025 0.002083 0.5410
930 0.050 0.004167 1.2573 245.41
0.100 0.008333 1.9064
0.010 0.000833 0.3250
0.025 0.002083 0.5205
850 0.050 0.004167 1.2422 241.66
0.100 0.008333 1.8795
0.010 0.000833 0.3260
0.025 0.002083 0.5249
750 0.050 0.004167 1.2420 244.04
0.100 0.008333 1.9047
0.010 0.000833 0.3389
0.025 0.002083 0.5411
630 0.050 0.004167 1.2643 246.44
0.100 0.008333 1.9146
0.010 0.000833 0.3329
0.025 0.002083 0.5371
330 0.050 0.004167 1.2724 247.32
0.100 0.008333 1.9219
0.010 0.000833 0.3680
0.025 0.002083 0.5759
430 0.050 0.004167 1.3293 241.66
0.100 0.008333 1.9802

The obtained concentration values indicate that this method is applicable for determining the
concentration of graphene-based transparent dispersions. However, it should be noted that the
data calculated based close to the UV-edge of the spectrum and its proximity are overestimated,
therefore using them in this method is not appropriate.

Table 2

Calculation of the concentration of a separately prepared dispersion
Extinction )
Wavelength, Absorption coefficient, Concentration,
nm I'mol!-cm™ mg/ml
1050 0.25314 277.46 0.0258
950 0.28367 245.41 0.0268
850 0.29503 241.66 0.0263
750 0.29322 244.04 0.0262
650 0.28272 246.44 0.0267
550 0.28464 247.32 0.0265
450 0.25911 256.39 0.0275
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Thus, calculating of the concentration based on the optical absorption data indeed allows
estimating the concentration of graphene dispersion within the selected range, and results are not
highly dependent on the wavelength used.

For the dispersion with a concentration of pristine graphite 6 mg/ml, which visually appeared
the darkest after centrifugation, the graphene content was calculated. By applying the determined
coefficients, the corresponding values are obtained, as shown in Table 3.

Table 3
Concentration of graphene in the obtained dispersion
o The percentage content
Extinction . .
Wavelength, . . Concentration, | relative to the amount of
Absorption coefficient, L .
nm B K mg/ml the initial graphite
I'mol!-cm™!
(6 mg/ml)
1050 0.83654 277.46 0.0362 0.60%
950 0.78824 245.41 0.0385 0.64%
850 0.77296 241.66 0.0384 0.64%
750 0.77925 244.04 0.0383 0.64%
650 0.80573 246.44 0.0392 0.65%
550 0.82730 247.32 0.0401 0.67%
Average value 0.0385 0.64%

The average concentration value in the centrifuged dispersion was 0.0385 mg/ml, which
corresponds to 0.64% of the initial graphite quantity.

Conclusion

The present study revealed nonlinear relationship between electrical conductivity and the
concentration of graphene dispersion in ethylene glycol, indicating that accurately estimating the
concentration of graphene dispersion is a crucial task for the development of conductive inks.
An integral method for determining the concentration of graphene in the dispersion based on
the Beer-Lambert-Bouguer law has been proposed, and corresponding calculations have been
performed. It has been shown that low concentrations of graphene (up to 0.1 mg/ml) exhibit
sufficient transmittance in the visible spectrum for analysis using the Beer-Lambert-Bouguer
method. The results for the calculated concentrations have converged for different wavelengths,
indicating that this method of determining dispersion concentration is acceptable and sufficiently
accurate. Thus, a simple and fast optical absorption method is applicable for determining the
concentration of graphene dispersion, where gravimetric or other standard types of analysis may
lead to incorrect estimations.

In the ethylene glycol dispersions obtained by the liquid-phase exfoliation method described,
the content of few-layered graphene particles was found to be less than 1% of the initial graphite
quantity, amounting to 0.0385 mg/ml.
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