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Abstract: In this work, we study optical spectroscopy of graphene flakes and its derivatives such
as graphene oxide and reduced graphene oxide in the same surfactant-free aqueous solution. We
show that transmittance (T) and absorbance (A) spectra of different graphene suspension is nearly
feature-less as a function of wavelength (1) in the VIS-NIR range (350-1000 nm) except graphene
oxide solution and the smallest graphene flakes, and they change linearly with concentration.
The optical absorption coefficient (at 660 nm) of pure graphene solution seems to be flake-size
dependent, changing from ~730 mL-mg~'m~! (for ~25 um flake size) to ~4400 mL-mg~'m™!
(for ~2 um flake size), and it is several times higher than in the case of graphene oxide, which also
varies with type and level of doping/defects (checked by FTIR and statistical Raman spectroscopy).
Finally, we show wavelength-dependent evolution of optical absorption coefficient in the VIS-NIR
range, which is roughly mimicking the A(1) function but is strongly material-dependent. Our
study could be useful for application of graphene solution in optofluidic devices, functional inks
or printed flexible optoelectronics.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Graphene-like materials in different forms (nanosheets, epitaxial films) can be produced with
many different methods employed accordingly depending on final application [1]. One of the
most widely used methods to obtain large quantities of 2D flakes is liquid phase exfoliation
(LPE), resulting in breaking down multilayer graphite into single ones using ultrasound and/or
shear forces in aqueous medium [2-5]. Interest in aqueous graphene dispersions is driven by the
requirement for many different applications, such as optofluidic optical limiting devices [6,7,8],
conductive inks [9], thermal fluids [10] or additives in composites [11]. Similarly, graphene
derivatives — graphene oxide (GO) and reduced graphene oxide (rGO) — in aqueous solution
are also attractive for many potential application, e.g. printed electrodes and flexible electronic
devices [12], solar cells [13,14] or biosensors [15]. While many interesting works have been
carried out on production of graphene flakes and its derivatives in liquid medium [2-5], for
many applications it will be necessary to fully understand the physical properties of produced
nanosheets in solutions, among others the optical properties, which seems to be not trivial [16].
Interestingly, optical characterization such as transmission or absorption coefficient can also
serve as a feedback to optimize the dispersion and exfoliation processes of graphene flakes in
liquid medium, since their size, defects and concentration, define the properties (not only optical)
of the whole solution.

Optical absorption spectroscopy of graphene flakes suspension with surfactants produced by
high-yield LPE was extensively employed by Coleman’s group [4,5,17,18]. Using absorption
coeflicient (@) for given wavelength (here 660 nm) and the Beer-Lambert law [5] they extracted
concentration of the nanosheets in the dispersion. For collecting the optical data a spectrometer
with integral sphere has been used [5], which is an important point, failing which gives the «
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significantly overestimated. In their work absorption coefficient at the wavelength of 660 nm for
graphene in SDBS was calculated to be <agg0> = 1390 mL mg’1 m~!. For other surfactants,
such as NMP, GBL, DMA and DMEU, an average absorption coefficient was <agg0> = 2460 mL
mg~' m~! [4]. Other works studying properties of aqueous-based graphene solutions (see Ref.
[19] and references within) show extremely large variability of absorption coefficients, compared
only for =660 nm but with many different solvents and experimental setups. The values start
from <aggn> =710 mL mg’1 m~!in aqueous sodium cholate and reach up to <aeeo> = 6600 mL
mg~! m~! in water [19,20]. The reasons of such discrepancy are still not fully understood.

The study of absorption coeflicient for reduced graphene oxide and graphene oxide in liquid
solutions is literally closed only in few works and the data have been collected using equipment
without integral sphere, and additionally the results vary a lot. Su et al. [21] show the value of
60 for rGO in NMP based solution is 3-5 orders of magnitude higher as compared to those for
other graphene-based solution reported by others [4,7,21,22] and in this work. For graphene
oxide samples the ag9 shows more reasonable values (few thousand mL mg‘l m~"), in the same
order of magnitude reported in literature [20,23]. We note, that in the case of GO and rGO
samples no results of absorption coefficient as a function of wavelength have been demonstrated
so far.

Only the full information on optical properties in broad wavelength range can give comprehen-
sive information about the graphene-based solution dedicated for above mentioned application.
In this work, we provide an extensive comparative study on the optical properties of six
surfactant-free aqueous solution based of commercially available graphene materials. We show
the dependence of optical transmittance and absorption spectra on wavelength in the VIS-NIR
range (350-1000 nm). We also demonstrate that optical absorption coefficient (in given optical
range) is strongly dependent on the size of flakes in case of graphene and it is order of magnitude
larger for different GO/rGO samples, while the different surfactant effect is being excluded by
using only water/alcohol solution.

2. Experimental

For pure graphene suspensions three different flake size graphene powder has been used (Sigma
Aldrich 25 um particle size, surface area 120-150 m?/g; Sigma Aldrich 5 um particle size, surface
area 50-80 m?/g; Sigma Aldrich 2 pm particle size, surface area up to 500 m?/g) and prepared
by mixing graphene flakes with water and isopropanol (7:3) as a solvent. After ultrasound
and centrifugation, part of solution was subjected to vacuum filtration [5] to determine the
concentration (refers to highest concentration used) and next filter was weighed before and
after filtration, what gives us average weight of material per milliliter of the filtered solution.
The rest of the initial solution was subsequently diluted in order to get 5 different decreasing
concentrations. For sake of clarity graphene solution from now on are named: Goym, Gsym and
Gosum (to reflect different average size of the flakes). The size of the flakes was additionally
confirmed by AFM study.

Graphene oxide water dispersion purchased from commercial manufacturer Graphenea
(www.graphenea.com) in concertation 4 mg/mL, and was diluted in isopropanol and water (7:3)
in such a way to get 5 different concentrations (samples named GO). An example of GO solutions
is shown in Fig. 1(a). SEM image of GO shows the flat structure with some nanosheets rippled
and entangled with each other which is typical for the GO samples (data not shown). The reduced
GO material used in this work was acquired from two different sources - one with a known
concentration from Sigma Aldrich stabilized with poly(sodium 4-styrenesulfonate) dispersed in
water (marked as rGO*) and the other one with unknown concentration made using hydrazine
reduction treatment of GO from Nanomaterials LS (marked as rGO). During solution preparation
both samples were subjected only to gentle ultrasound treatment, however for rGO sample a
concentration determination procedure was employed, in the same way as for graphene flakes.


http://www.graphenea.com
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Fig. 1. (a) Picture of GO solutions with different concentration; (b) FTIR spectra (in
transmittance mode) of GO, rGO*, rGO and also one of the graphene samples for comparison.
(c) Single Raman spectra of graphene and its derivatives with Ip/Ig ratio indicated for each
sample; (d) statistical Ip/Ig ratio for GO and two reduced graphene oxide samples

For Raman spectroscopy inVia Renishaw spectrometer with 532 nm laser source was used.
The experiment was conducted at room temperature using low laser power (<1 mW) in order
to avoid heating effects. The Raman mapping mode was used with scan area of ~50 X 50 pum,
usually containing ~200 spectra. Each spectra in Fig. 1(c), containing two main bands (G an D),
was fit using a Lorentzian line shape and extracted peak parameters for all spectra are presented
as a histogram in Fig. 1(d).

FT-IR measurements were performed using Nicolet iS10 spectrometer (Thermo Fisher
Scientific, USA) in transmittance mode and at room temperature condition. One milligram of
each material: graphene, GO or GO was mixed with 50 mg of KBr powder and pressed into the
pellets. The spectrum was collected in the range 400-4000 cm~' with a 4 cm™" resolution.

Optical transmission measurements of all samples were recorded using a Bentham PVE300
spectral response analyser with integral sphere, using transmission configurations. Liquid
samples of graphene-like flakes were transferred into quartz cuvettes with a 2 mm optical path
and used for optical tests.

The results are presented as a quotient of sample with graphene transmission (T) and pure
solvent sample (Ty) . Measured transmission was used to calculate absorbance defined as

T
A=— logFO (D
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Beer’s Law shown in Eq. (2) relates the attenuation of light to properties of a material. The law
states the absorbance (A) is directly correlate to concentration (c) of dissolved material and path
length (/) of the sample.

A= acl ()

The constant « is called absorption coefficient and it also is a measure of the probability of
the electronic transition. Beer’s Law is capable of describing the absorption behavior only if
concentrations of solution are relatively low and directly proportional to the measured absorbance.
High concentrations can cause different charge distribution in the solution and results in a shift in
the absorption wavelength [30].

3. Results and discussion

As a starting point FTIR and Raman spectroscopy, were used in order to determine the quality,
compare the oxidization level and check presence of functional groups in graphene-like flakes.
Combination of these two methods is a powerful tool when performing materials characterization
and is widely used to study properties of carbon nanostructures including graphene, GO and rGO
[24,25,26].

The FTIR spectra of three samples — GO, rGO and rGO¥* are presented in Fig. 1(b). All
spectra exhibit peak at 1100 cm™! attributed to C-O bonding, then a peak at 1415cm™! that is
related to C-OH or C-O-C bonds, the 1640 cm™! peak related to carbonyl groups (C=0 or C=C
bonds). Additionally, a wide peak at 3450 cm™! is present, indicating that sample contains water
[27] and/or hydroxyl groups, and as expected is mostly pronounced for GO samples and barely
visible for rGO and pure graphene. This is because, as a result of proper reduction of GO, some
peaks should be completely removed and all intensities of peaks should be decreased, what is an
indication of the removal of oxygen-containing functional groups. The FTIR spectra of rGO* in
comparison to GO shows that peaks are in the same positions, their intensities are similar but we
observed additional bands in the spectrum as shown in Fig. 2(a). Likely, this is because rGO*
sample is only partly reduced and contains stabilizers, which gives additional bands in spectrum.
Intensities of peaks in rGO are smaller than in GO and rGO* spectra so this sample contains less
functional groups and it is more similar to Gsyy, sample. Furthermore, GO and rGO do not show
features related to other impurities or additional surfactants.

The single Raman spectra of all graphene oxide and reduced GO samples together with an
example of ‘pure’ graphene sample are shown in Fig. 1(c), exhibiting a defect-induced D-band at
~1350 cm™! and G-band at ~1590 cm™', and for pure graphene additionally 2D band in seen
(~2700 cm™"). The occurrence of G band in Raman spectra corresponds to sp” hybridized
carbon-based material. The D peak is related to defects and lattice disorder caused e.g. by
oxygen-functional groups and its intensity is correlated with size of sp® in-plain domains [25].
First, we note that single spectra (and single Ip/Ig ratio) in case of large samples is insufficiently
reliable and only statistical approach (histogram of Ip/Ig ratio) shown in Fig. 1(d) should be
considered when we want to compare different graphene-like materials as can been seen in
Figs. 1(c) and 1(d) rGO* spectra (green line and data) is representative for this material, whereas
rGO and GO are much less reliable. Secondly, we note that, according to the literature the ratio
Ip/Ig can be expected between 0.67-1.4 for more oxidized graphene material and 0.9-1.9 for more
reduced GO [24,28], however these values are still under discussion. This may suggest that all
our samples are more like rGO and that the reduction level in commercially available GO samples
is significant, but on the other hand FTIR shows significant presence of functional groups within
the material, which is shown as brown curve in Fig. 1(b). Nevertheless, both FTIR and Raman
data show that level of doping/defects (reduction level) is much different for all studied samples.

Measured transmittance (T) and derived absorbance (A) spectra (in the range of 350-1000 nm)
of all samples with different concentration are presented in the Fig. 2. It is clearly visible that
values of T(A) of all samples with different concentrations decreases with increasing graphene
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Fig. 2. Absorbance (solid lines) and transmittance (dash-dotted lines) spectra of solution
as a function of wavelength in the range of 350-1000 nm containing different flakes with
different concentration (mg/mL): (a) 2um size graphene, (b) Sum size graphene, (c) 25um
size graphene flake, (d) graphene oxide (GO), (e) rGO and (f) rGO*.

material concentration, whereas A(A) is increasing, as expected. However, the general trends of
both parameters are material dependent. For example in Fig. 2(a) for 2 um graphene absorption is
decreasing with and A by 20-30% (depending on concentration) within the full studied wavelength
range. This effect could stem from: different sp?/sp® ratio due to large number of flake edges
or/and presence of C = O functional group, as shown in Fig. 1(c). Larger size graphene flake
solutions are optically more stable in the sense that both absorption and transmission shown
in Figs. 2(b) and 2(c), are nearly featureless and flat, showing only slight deviation for lower
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wavelength. Similar (featureless) behaviour of T and A is observed for rGO samples in Fig. 2(d).
The transmission of GO sample in Fig. 2(f) increases significantly (50-70%) up to around 750 nm
and then remains at a nearly constant level of 90-97% depending on the concentration of the
flakes and the absorbance shows maximum for lowest wavelength for all concentrations. Much
smaller but still visible absorbance increase can be observed in spectra of rGO* in Fig. 2(e). It
is likely that the increased absorption in UV region stems from effect of electron transfer from
the non-binding orbital n to the 7* anti-bonding orbit due to the existence of carbonyl groups —
carbon atom connected by a double bond to oxygen atom [29]. In both rtGO* and GO samples the
presence of large amount of functional groups has been confirmed by FTIR as shown in Fig. 1(b)
and compared to other graphene-like samples.

Interestingly, assuming that absorbance is proportional to increase of graphene flakes (concen-
tration) in a surfactant free solution, we can employ Lambert-Beer’s law [30] in order to get a
further insight in optical properties of different graphene materials, by deriving the absorption
coefficient (@) in mL-mg‘lm‘l units. Usually, in the literature, the « is shown for fixed 1=660 nm
[4,5,19,21], so here absorbance at 660 nm of incident light was divided by optical path length
and presented as a function of determined concentration, as shown in Fig. 3(a). A slope of
straight line fit through these points gives values of absorption coefficient for each sample. Those
values are significantly different (more than an order of magnitude) depending on the samples.
First tendency that can be noticed is the influence of the average flake size on the value of
the @60, Which increases from ~730 mL-mg~'m™~" for largest graphene flakes (25 um) to more
than 4400 mL-mg~'m™! for smallest fakes (2 um). Despite large discrepancy between those
values, they are still within the scope of those reported in literature, with the average value
being ~2500mL mg~! m~! [4]. We note again that our absorption coefficient is measured on
surfactant-free solution, what additionally has impact on the optical properties.
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Fig. 3. (a) Absorbance divided by optical way at 660 nm as a function of concentration
(after centrifugation) for all samples and determination of aggg. (b) Absorption coefficient
« as a function of wavelength

The values of agg0 for all three samples rGO*, rGO and GO sample are much smaller as
compared to graphene. The lowest absorption coefficient (as50=~200 mL-mg~'m™") is seen
for rGO sample (value very similar to GO sample), whereas the highest for rGO* sample -
@660=~500 mL-mg~'m™~!,

The knowledge about optical absorption properties can be extended by looking at the evolution
of absorption coeflicient with the incident wavelength. The trend lines of @(A) for all solutions
are showed in Fig. 3(b) and are roughly mimicking absorbance spectra shown in Fig. 2. The a
for GO solution (brown plot) shows strongly nonlinear behavior exhibiting the highest value for
lowest wavelength and being low-flat (~200 mL mg~' m~!) above 650 nm. Also significant but
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more smooth changes of a(1), can be observed for smallest flake graphene (Gyp,), that changes
by 3000 mL-mg~'m™! within the studied wavelength range. The Gysuy and rGO samples show
rather featureless evolution of @(1)). In order to quantify these changes a ratio of absorption
coefficient for two extreme wavelengths is calculated and shown in the Table 1. Factor agso/a3s0
shows how much the absorption coefficient of each graphene sample changes in a wide range of
wavelength, so ratio close to 1 stands for most featureless evolution of a(4).

Table 1. Ratio of absorption coefficient
comparison in 950 nm and 350 nm. Factor agsg/
a3s0 shows how much the absorption
coefficient changes as function of wavelength.

sample @950/350
rGO 0,92
G25um 0,83
G5um 0,76
rGO* 0,54
G2um 0,49
GO 0,098

These results shows that taking appropriate graphene-like solution one can have the possibility
of tuning the optical absorption for different wavelengths for quite wide range.

4. Conclusions

We have shown that wavelength-dependent optical absorption coefficient of graphene and its
derivatives suspension are clearly material dependent. To demonstrate this we performed a
comparative study of transmittance (T) and absorbance (A) in the 350-1000 nm range of different
types of graphene-like materials. In particular, we showed that light absorption strongly depends
on flakes size (especially for graphene) and/or reflects types and level of functionalization and
defects present within the material.

To sum up, we conclude that variety of a(1) for different graphene materials provides a rough
overview for wide band tuning of optical properties in such applications as optical limiting
material or optofluidic.
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