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ARTICLE INFO ABSTRACT

Keywords: Wet oxidative exfoliation of graphite is one of the most frequently applied techniques to obtain aqueous dis-
GraP}f"-ne ‘{Xide persions of hydrophilic graphene derivatives as required, e.g., in 3D printing, wet spinning or film casting. Due to
Centrifugation the harsh conditions of the process, the resulting suspension is a mixture of particles with a wide distribution
Fractionation . . . . . . . . .

Mornholo range both of physical dimensions and chemical properties. An aqueous graphite oxide suspension was obtained
Surfgce chggmistry by an improved Hummers method and separated into five fractions by controlled centrifugation. The fractions
Hydration were characterized and compared by various methods, revealing their diversity in size, chemical properties and
Viscosity application-related viscosity. The characterization methods (powder XRD, Raman spectroscopy, ATR-FTIR

spectroscopy, XPS, potentiometric titration, rheology) exhibited subtle but measurable differences that excee-
ded the standard deviation of the techniques employed, but no systematic trend was found across the fractions in
any of the properties investigated. The conditions of our centrifugal separation hardly meet the constrains of the
ideal of Stokes’s law, the polydispersity of the high aspect ratio particles as well as their concentration close to
the percolation limit challenge the independent sedimentation of the platelets.

1. Introduction

The wet oxidative exfoliation of graphite is still one of the most
frequently applied techniques to obtain its 2D oxidized derivatives,
multilayer graphite oxide [1-3] or few or monolayer graphene oxide
[4], although the distinction is often misused in the literature [5]. The
type (natural or synthetic) the size and shape of the precursor graphite
particles [6,7], the exfoliation route [4] and the subsequent purification
process [8] rank among the essential factors that determine the overall
properties of the oxidized product. The macroscale performance of the
suspensions is governed by the physico-chemical properties of the pri-
mary particles, defining their particle-particle and particle-solvent in-
teractions [9-15]. The nanoparticles obtained often preserve structural
defects, e.g., dislocations [16] or vacancies inherited from the parent
graphite. Due to the harsh conditions of the oxidative wet exfoliation
methods, the resulting suspension consists of highly heterogeneous
platelets with a wide distribution of dimensions both in the layer planes
and in the crystallographic c-axis. The particles also possess a diversity
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of layer numbers, aspect ratios and surface chemistry [17]. The latter
involves the ratio of partly saturated and aromatic regions, carbon va-
cancies as well as oxygen functionalities distributed along the basal
plane and along the edges with a wide variety both in quality and
concentration [18].

Sonication, chemical or thermal post-exfoliation treatments may
narrow the distribution range of the various characteristics, but these
methods can also have detrimental effects on the size, integrity, oxida-
tion state, etc. [19-21]. Long and excessive sonication as well as
oxidative procedures result in a decrease in lateral dimensions of the
platelets [19,22,23] or formation of new defects (small holes) in the
sheets [22,23].

The continuous increase in application potential of graphite oxide
and graphene oxide requires particles of well-defined properties. A wide
variety of chemical and/or physical approaches have been studied for
size fractionation of the flakes, including pH-sedimentation [9], salting-
out [24], solvent selective sedimentation [11], oil-in-water emulsion
separation [13], spherical particle adhesion [25], filtration [10],
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controlled directional freezing [14], electrophoresis [26-29] or centri-
fugation [15,30-34].

In principle, centrifugation seems to be a simple and scalable method
for separating particles in suspension according to their size, shape, and
density [35-37]. Nevertheless, the efficiency is strongly affected by the
viscosity of the medium and the rotor speed and the technique is time
and energy consuming.

Traditionally, the sedimentation rate of colloidal particles relies on
Stokes’s law and can be expressed as

& (p, = p,)-wr

: 1
" 187 =

where v; is the velocity of sedimentation in centrifugal field; d is the
diameter of the spherical particle, p, and p,, are the density of the
dispersed particle and dispersion medium, respectively; o is the angular
velocity of centrifuge, r is radius from axis of rotation; and # is the dy-
namic viscosity of the dispersion medium [38,39].

Assorted versions of the technique have also been applied to obtain
graphene oxide suspensions of particles with narrow size distribution
(Table 1). The medium most often used is pure water [15,30] or various
aqueous solutions [31-33]. In the differential centrifugation, a single
solvent is employed with different centrifugal forces to separate the
particles: Yue et al. separated 2 um and 350 nm graphene oxide fractions
by applying centrifugal fields of 100-200 g and 10,000 — 30,000 g from

Table 1
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an aqueous suspension obtained by a modified Hummers method [30].
Density gradient centrifugation applies a fixed centrifugal force, in
which the gradient is set by tuning the medium density with glycerol or
sucrose in various concentrations [32,34]. The drawback of this method
is that an additional purification step is required. Surface modification
with thermoresponsive recyclable poly-(N-isopropylacrylamide) was
found to amplify the difference between the graphene oxide particles of
different sizes, thus improving the separation efficiency [15].

As mentioned above the exfoliated particles are heterogeneous in
their physical dimensions and chemical features. Our aim was to reveal
the range of these differences. An aqueous suspension of graphite oxide
(GO) was obtained from natural graphite with an improved Hummers
method [4]. Without any further treatment the as-prepared particles
were separated into five fractions by controlled centrifugation according
to the method of Coleman’s group [35] developed for graphene flakes.
The fractions and the parent GO were characterized and compared by a
wide range of methods revealing their diversity in size, chemistry and
rheological properties. The techniques employed included powder X-ray
diffraction (XRD), Raman spectroscopy, attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR), X-ray photoelec-
tron spectroscopy (XPS), potentiometric titration and rheology.

Various centrifugation methods applied for wet graphene oxide/graphite oxide separation.

Method Concentration Medium

(mg mL™Y)

Centrifugation
conditions

Particle sizes Comments Ref.

Differential
centrifugation

250, 2000 and 4000 2
rpm,
10 min.

Aqueous

100-200 g and NA* Aqueous

10000-30000 g

2720 rpm, 1
10 min;

6800 rpm,

10 min,;

8000 rpm,

20 min

pHI,
10 mM KCl

0.01 Agq. glycerol

(50-5%)

Density gradient
centrifugation

8000 g, 3 h

NA* Agq. iodixanol,
50000 rpm, (5-20%)

25h

NA* Agq. sucrose
50000 rpm, (20:66%)

5 min

Pristine: 1—400 pm?
Fractions:

0-35 pm?

0-200 pm?

0-500 pm?>

Thickness: 0.99 nm, 0.96 nm,
0.91 nm

Method: SEM and AFM
Lateral: 2 ym and 350 nm
Thickness: 3.9 and 4.05 nm
Method: AFM
Pristine:150-1500 nm
Fractions:

40-500 nm

50-3000 nm

700-4000 nm

Thickness: 1 nm for 1st and
2nd; 100-150 nm for 3rd step
Method: DLS

Fractions:

145-155 nm

345-355 nm

500-700 nm

800-1000 nm

Thickness: 1.1 + 0.2 nm
Method: DLS and AFM
Pristine: 10-300 nm
Functionalized: 20 nm
Fractions:

2-10 nm

2-18 nm

10-22 nm

Thickness: 1 nm

Method: AFM

Fractions:

10-60 nm

18-150 nm

100-560 nm

150-560 nm

70-560 nm

Thickness: 0.7 nm
Method: AFM

Reversible adsorption of poly(N- [15]
isopropylacrylamide); additional temperature

modulation needed

[30]

Additional purification required [31]

Narrow size distribution; [32]

low yield due to low initial concentration

Narrow size distribution; additional [33]

purification required

Additional purification required [34]

“ NA: not available.
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2. Materials and methods

Graphite oxide (GO) was obtained from natural graphite (Graphite
Tyn, Tyn nad Vltavou, Czech Republic; carbon content min. 99.5%, only
10% of the particles exceeds 0.063 mm) by an improved Hummers
method [4]. The concentration of the obtained suspension and the yield
were 11.2 mg mL~! and 80%, respectively. The aqueous GO suspension
was stored in a dark glass bottle at ambient temperature. Freeze-dried
samples obtained from the suspension were stored in a desiccator over
silica gel.

2.1. Fractionation of the GO suspension

The particles were separated by centrifugation (Jouan BR4i Multi-
function Centrifuge, Thermo Scientific, USA) at 25 °C. After mild
ultrasonication (300 W, 45 kHz, 15 min) the.

1.12 mg mL~! aqueous GO suspension was centrifuged at 15,100 g
for 30 min. The supernatant was separated and the gel-like GO sediment
was re-dispersed with water prior to the further centrifugation steps at
10,700 g, 7000 g, 4200 g, and finally at 2000 g. The supernatants were
concentrated in an additional centrifugation step at 15,100 g. The
scheme of the separation process is illustrated in Fig. 1. The concen-
trated gel-like GO1-GO5 samples (ca 9.5 mg mL™!) were stored and
freeze-dried in the same way as the parent sample.

2.2. Characterisation methods

The crystalline structure of samples with similar thickness was
investigated by an X’pert Pro (PANanalytical Bv, The Netherlands)
powder X-ray diffractometer with monochromatic Cu K, radiation (A =
1.5406 A). Results were analyzed by X’pert High Score software. The
interlayer spacing d of the lattices was obtained from Bragg’s law [40],

n-A = 2-d-sin 2)

n is the diffraction series integer 1, 2, .... etc. A is the wavelength of
the used X-ray and 0 is the Bragg’s angle of the plane. 20 was determined
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with + 0.2. The 002 peak around 20 ~11.5° was used for the analysis.
The stacking height (L.) was calculated from the Scherrer formula [41],
K-2

L = ——M
‘ FWHM -cosé ®

The shape factor K = 0.93 [42], and FWHM (in radian) stands for the
full width of the 002 peak at half maximum. The number of layers N, was
estimated as L./d.

Raman spectra were recorded with a LabRAM (Horiba Jobin Yvon)
instrument (A = 532 nm Nd-YAG laser source, 15 mW power in the focus
point). The freeze-dried GO samples were measured at three different
spots, using a filter of 0.6 OD to reduce the intensity of the excitation
beam. LabSpec 5 software was applied for parameter optimization and
data collection. The first and second-order regions of the baseline cor-
rected spectra were deconvoluted to Lorentzian functions with the
conventional fitting procedure of the Origin Pro 9 program. The average
size of the aromatic clusters (L, in nm) was estimated from the Tuinstra-
Koenig-Cangado expression [43],

2.4.10710.24
(Ip/Ig)

A (in nm) is the wavelength of the laser source and Ip/I; is the in-
tensity ratio of the D and G bands.

The FTIR spectra of the freeze-dried samples were recorded on a
Bruker SpecAC Tenzor 37 attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectrophotometer (Golden Gate type with Dia-
mond Head -Golden Gate™ Single Reflection Diamond ATR System).

X-ray photoelectron spectroscopy (XPS) was performed on a SPECS
system equipped with Phoibos 100 hemispherical electron energy
analyzer. The freeze-dried cotton-like, bulky aerogel lumps (Figure S1 in
the Supplementary Material) were fixed to the XPS sample-holder with
double-sided carbon adhesive tabs. They were compressed to form a >
0.2 mm thick layer on the carbon adhesive. The spectra were acquired at
pressure below 10”7 Pa using a monochromatic Al X-ray source operated
at 14.00 kV and power of 175 W. The photoelectrons were analyzed at a
take-off angle of 90° and in constant pass energy mode, using pass

L, = (C))
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15100g
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. [ Supernatant4 ]% GO4
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A

6l min GOS5

Fig. 1. Diagram of the fractionation process. The GO1 - GO5 sediment samples were analyzed.
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energy of 50 eV for the survey spectra and 10 eV for the high-resolution
core level spectra. The surface charging effect was counteracted by the
use of an electron flood gun. CasaXPS software was used for data pro-
cessing. Core level curve fitting was performed using a Shirley back-
ground and a standard least squares algorithm. Gaussian and Lorentzian
functions (80:20) were used for the deconvolution.

The potentiometric acid-base titrations were performed at 23 + 1 °C
under CO; free conditions maintained by constant Ny gas flow. 50 mg
GO suspended in 50 mL 0.1 M KCl solution was titrated in the pH range
~3 to ~10, using an auto-titrator (Metrohm 808 Titrando, Tiamo,
version 1.2) adjusted to deliver automatic additions of 0.1 M NaOH and
0.1 M HCl solutions (both in 0.1 M KCl). The stability criterion between
successive additions was 1 mV min . Between stable pH readings a 60 s
delay was allowed before the next volume was added. The single-
junction glass pH electrode (Metrohm, pH range: 1-13, filled with 3 M
KCl) was calibrated using commercial pH buffers (Merck, Certipur®
buffer solutions) with pH = 4.00, 6.00, and 9.00). The net proton surface
excess n’ related to the unit mass of solid was determined from the initial
(ci,0) and the equilibrium (cjeq) concentrations [44]

o V'(ci,o - CLeq)

nt =l Thed) (5)

m

where V is volume of the liquid phase and m is the mass of the GO.
Titrations were performed in triplicates. The concentration of the
titrated surface groups was calculated as the difference of the n” values
in the corresponding low and high pH end points. The pK, distributions
were derived by the SAIEUS procedure [45,46].

Atomic force microscopic images were taken with a Nanosurf Flex-
AFM atomic force microscopy system (Nanosurf, Liestal, Switzerland)
under air, in dynamic mode utilizing Budgetsensors Tap150GD canti-
levers (BudgetSensors, Sofia, Bulgaria). 100 pL 1000-fold diluted
aqueous samples were deposited on the previously cleaned silicon wa-
fers and distributed by spin-coating at 4000 rpm, then dried in vacuum.
Images were collected at randomly selected locations and processed
using the Gwyddion software [47].

A Malvern Zetasizer Pro-Blue (Malvern Instruments) was applied to
obtain both the particle size distribution (PSD) and the zeta potential of
the samples. [GO fractions were diluted with Millipore water to 20 mg/
L, and sonicated for 5 min prior to the measurements. The calculation for
PSD was performed by assuming spherical geometry. The refractive
index used for the calculations was 1.957 [48]. The Helmholtz - Smo-
luchowski equation was used to convert the electrophoretic mobility
values into the zeta potential. The measurements were controlled and
evaluated by ZS XPLORER software.

(2)

N
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Flow and viscosity curves of ca 9.5 mg mL™! (~0.7 v/v% taking the
real density of graphene oxide of 1.39 g cm™> [49]) GO samples were
recorded in rotational mode on Anton Paar Physica MCR 301 (Austria)
rheometer. A pre-shear of 100 s~! was applied for 30 s, then the shear
rate was varied from 102 s~! with 5 data points in each decade. Each
point was recorded for 10 s. The shear stress and the viscosity were
monitored as a function of shear rate. All data were acquired by using a
25 mm diameter parallel plate PP25-SN50981 arrangement and plate
gap of 0.3 mm at constant temperature of 25 + 0.01 °C. For each
measurement, about 0.5 mL aqueous suspension was used. All experi-
ments were conducted in a triplicate. Rheoplus software was used for
data analysis, and figures are plotted on a logarithmic scale.

3. Results
3.1. Morphology and texture of the fractions

The AFM image and size distribution curves from DLS measurements
in Fig. 2 reveal the dimensional heterogeneity of the parent GO particles
prior to their separation. The systematic shift of the successive distri-
bution curves (Fig. 2b) show the instability of the sample. The time
between consecutive parallel measurements on the same sample was
about 5 min, therefore, the shift of the particle size distribution curves
might be attributed to aggregation. Indeed, the corresponding zeta po-
tential (shown later in Fig. 7c¢) indicates the incipient colloidal stability
of this suspension [50]. The polydispersity index (>0.5) also designates
the poor quality of the correlation functions and the uncertainty of the
particle size distribution results [51,52].

The repeated re-dilution in the successive centrifugation steps
reduced the initial concentration of the suspensions from 1.12 mg mL ™}
to 0.85, 0.55, 0.25 and 0.07 mg mL ™', Figure S2 shows the mass dis-
tribution of the GO particles in the five fractions. It should be expected
that GO1 contains the particles of the lowest density, while GO5 con-
tains those of the highest density. Figure S3 presents the PSD of the
fractions.

The X-ray diffractograms of the freeze-dried samples and the struc-
tural parameters deduced from them are shown in Fig. 3a. The expected
sharp peak in the interval of 20 = 11.1-11.5° assigned to the (002)
crystalline plane was observed in all the fractions. Both the peak posi-
tions and the FWHM values show minor, but not systematic changes
(Table S1). The oxygen containing functional groups weaken the
interaction between the adjacent layers, therefore the extended d spac-
ings of the fractions (Fig. 3b) reflect an increased degree of oxidation
[4]. Tt is also affected by the water molecules confined in the

10 nen

60 GO
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g
2
g
z 204
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(b)

Fig. 2. AFM image (a) and particle size distribution curves of the parent GO sample. Black, red and green curves belong to three consecutive parallel measurements

on the same sample (b).
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The Raman spectra of the freeze-dried samples were recorded in the

found either in the crystallite height L. (Fig. 3¢) or in the number of

interlamellar space of the graphene oxide particles either during the
layers (Fig. 3d).
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same D, G and D’ positions. The G and 2D bands in a dry single-layer
graphene sample appear at 1585 and 2679 em™?, correspondingly,
and show red and blue shift, respectively with the increasing number of
layers [55-57]. All our samples showed this phenomenon: 1574-1577
cm ™! for the G band and 2701-2714 cm ™ for the 2D band, confirming
the multilayer nature of the fractions already revealed by XRD. The
intensity ratio Ip/I is acknowledged as the measure of the defects in
graphitic planes [58]. GO1, GO2 and GO4 have higher, while GO5 has
the lowest Ip/I; ratio (Fig. 4b), and likely, a lower overall degree of
oxidation than the other GO samples.

The intensity ratio Ip/I; also allows to estimate the average size of
the aromatic clusters (L,) in the graphene sheets (Eq. (3). GO3 and GO5
have the highest values, 12.7 and 13.0 nm, respectively (Fig. 4c),
exceeding that of GO. This result suggests that larger conjugated aro-
matic domains exist in these samples. In conformity with the literature
[15], the heaviest GO5 fraction contains the fewest defects and may
have the lowest degree of oxidation.

3.2. Chemistry

FTIR analysis was applied to identify the oxygen functionalities in
the particles (Fig. 5a). The FTIR spectra of all samples contain a broad
band in the range of 3000-3700 cm ! belongs to the characteristic vOH
vibration, while the band at 1732 cm™! corresponds to the vC=0
stretching vibrations of the carbonyl and carboxyl groups. The band at
1620 cm ™! is assigned to vC=C (stretching modes of aromatic rings), and
the one at 1376 cm ™! belongs to the 50H bending modes of phenol and
OH groups in tertiary alcohols. The characteristic band at 1220 cm™!
emanates from the vC-OH stretching vibrations, while the band at 1057
cm ™! may arise from the vC-O-C asymmetric stretching of epoxide rings
[59,60]. The same oxygen functionalities are present in all samples but
their spatial distribution and concentration may vary.

Assuming a widely accepted structural model of graphite oxide,
epoxide and hydroxyl groups decorate the basal planes, while the carbonyl
and carboxyl groups can be found along the edges of the graphite oxide
platelets [17]. In all the fractions the intensity ratio of the peaks at 1220
cm ! and 1620 cm ™! (C—OH/C=C) (Fig. 5 b) is considerably smaller than
the intensity ratio of the peaks ataround 1732 cm ™! and 1620 cm ™! (C=0/
C=C) and 1057 cm~! and 1620 cm~! (C—O—C/C=C). The two latter
ratios lie in the sequence GO5 < GO3 < GO4 < GO2 ~ GO1, while the
intensity ratio of the ~1220 cm ™! and 1620 cm ™! (C—OH/C=C) (Fig. 5b)
increased in the following order GO5 < GO3 < GO4 < GO1 < GO2. Ac-
cording to Chen et al. the intensity ratio C=0/C=C decreases with GO size
[10].
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It can be concluded that the relative concentration of C=0 and
C—O—C groups is higher in GO1 and GO2. Previous studies found that
graphene oxide with smaller diameter is more oxidized [10,15,61]. The
GOS fraction has the lowest relative concentration of epoxide and hy-
droxide groups, consistently with the largest size of the aromatic clusters
(Lg) obtained from Raman results.

The surface composition of GO samples was confirmed by XPS. The
survey spectrum and the deconvoluted Cls region of the parent GO, as
typical examples, are shown in Fig. 6a and b respectively. The Cls re-
gion of the fractions and the Ols core level spectra are displayed in
Figures S5 and S6, respectively.

The O/C ratios (Fig. 6¢) were calculated and used for semi-
quantitative comparison with similar materials reported in the litera-
ture, as the O/C ratio might be unreliable due to the incomplete removal
of water [4]. Except for GO2, there is a slightly decreasing trend
concomitant with the increase of the expected density of the fractions.
Smaller and more oxidized GO flakes form more stable colloidal systems
than the larger and less hydrophilic ones. Although the outgassing
applied prior to XPS is quite extensive, it is impossible to get completely
dry GO samples [17], the trend seen in Fig. 6¢ is confirmed by that found
from deconvolution of the Cls band, which probes only the carbon
atoms in various chemical environment and is unaffected by retained
H,0 molecules.

As noted earlier, according to one of the most accepted structural
models GO consists of intact graphitic regions interspersed with sp°-
hybridized carbons decorated with hydroxyl and epoxide functional
groups on both surfaces of the sheet and sp>-hybridized carbons with
carboxyl and carbonyl groups mostly along the edges of the sheets [17].
These intact graphitic regions must be isolated, without a percolation
path for electrical conduction implied by the need of in situ charge
compensation. To obtain a more quantitative picture about the graphitic
carbon the Cls spectra were deconvoluted into four peaks assigned to
graphitic carbon (P1, BE ~284.5 eV), carbon singly bonded to oxygen in
epoxy and hydroxyl groups (P2, BE ~286.6 eV), carbon in carbonyl
groups (P3, BE ~287.9 eV), and carbon in carboxyl groups (P4, BE
~288.9 eV) [62] (Fig. 6b and Figure S7). Fig. 6d compares the distri-
bution of the different carbon species in the fractions. Except for GO2,
the increase in graphitic content reflects the increasing fraction number.
Thus, there is a difference, although subtle, in the surface chemistry of
the fractions. Although it could be expected that the lighter flakes have a
higher relative content of carboxyl and carbonyl groups, no such trend is
in fact observed here, as internal edges are also present in the GO par-
ticles [62]. The P2/P1 ratio follows the expected inverse trend to that of
the percentage of graphitic carbon (Figure S5a). As for the ratio of
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Fig. 5. FTIR spectra of freeze-dried GO samples. Spectra are vertically shifted for clarity (a). Intensity ratio of bands (C=0/C=C), (C—O—C/C=C) and (C—OH/C=C)

of freeze-dried GO samples (b).
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Fig. 6. XPS survey spectrum of GO (a) and deconvo-
luted Cls core level spectrum of parent GO (b):
graphitic carbon, P1; carbon singly bonded to epoxy
- O1s - and phenolic hydroxyl groups (P2); double bonded
E = carbon in carbonyl groups (P3); carbon in carboxyl
8 & groups (P4). O/C ratio of the freeze-dried GO samples
";‘ ;‘ (c) and distribution of the different Cls species (d)
z Cls % corresponding to the deconvoluted spectra in (c) and
g = in Figure S5 of the Supplementary Material. The nu-
= |C KLL = merical data calculated from the XPS survey spectra
O KLL the and high-resolution XPS core level deconvolution
/\M are respectively shown in Tables S3 and S4 of the
T T T T T 7 4 . . . Supplementary Material.
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Fig. 7. Potentiometric titration curves (a); pK, distribution curves of the surface oxygen groups in the parent GO (b); Zeta potential of GO samples (c).

carbonyl group to graphitic carbon (P3/P1) (Figure S5b), this quantity small, but are corroborated with FTIR and XRD results.

decreases as a function of increasing density fraction (including GO2). In view of the multitude of applications employing GO is in aqueous
The ratio of carboxyl groups to graphitic carbon (P4/P1) (Figure S5c) is medium, the fractions were also characterized by potentiometric acid/
similar for all the samples. As expected, the observed differences are base titration under COo-free conditions in the pH range 3-10. The
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primary titration data were converted proton excess isotherms (Fig. 7a,
and Figure S8). The titration was performed from pH 3 up to 10 (up)
and back again to pH 3 (down). The reproducible hysteresis loop be-
tween the up and down datasets implies that the protonation occurring
when the pH is gradually increased is irreversible.

The pK, distribution curves of the surface oxygen groups were
calculated with the SAIEUS program [45,46] and are shown in Fig. 7b
and Figure S9. The overall concentration of the titrated groups was
calculated as the difference of the end-points and is reported in Table 2.

The titration results also corroborate the recent GO model of Aliyev
et al. [63]. They were able to identify lactone, quinone and ketone sites
at the peripheral and defect areas of the graphitic sheet besides the
oxygen functionalities proposed by Lerf and Klinowski [17].

The colloidal stability of the fractions was estimated from the zeta
potential of the unbuffered aqueous suspensions with pH in the range
4.8-5.1. As expected from the potentiometric titration, the particles are
negatively charged. The zeta potential of the fractions varies between
—48 mV and —26 mV (Fig. 7 ¢) and follows the sequence of GO1 < GO2
~ GO3 < GO4 ~ GO5. GO1, GO2 and GO3 have higher negative zeta
potential, than the other samples. We recall that GO1 has the highest
surface O/C ratio and the highest concentration of titrated functional
groups. By contrast, the more extended particles in the GO4 and GO5
fractions have fewer defects and lower degree of oxidation.

Rheological properties of GO suspensions is of fundamental impor-
tance when GO is processed in aqueous dispersions, e.g., in 3D printing,
wet spinning or film casting. As we have noted earlier, the microstruc-
ture of the concentrated GO-water colloid systems changes owing to the
oxidative processes occurring in the suspensions during long-term
storage [49]. The internal structure of the suspension is subject to a
set of long and short-range forces, most of which (van der Waals forces,
hydrogen bonding or electrostatic interactions) are related to the hy-
drophilic/hydrophobic properties of the particles, i.e., their surface
chemical properties. The viscosity and flow curves of the various GO
fractions having similar concentration are presented in Fig. 8. A pro-
nounced shear-thinning behavior is observed in which the viscosity
drops with increasing shear rate over the whole range of applied shear
rate (Fig. 8a), while the flow curves clearly show the presence of a yield
stress as a plateau at low shear rates (Fig. 8b).

On the basis of our earlier experience the measured data were fitted
to the Herschel-Bulkley (HB) model, which combines the yield stress
and the non-linear dependence of shear stress on shear rate and thus
assumes non-Newtonian behavior above the yield stress (Eq. (6)) [64]

7 =1 +ky" Q]

where 7 is the shear stress y "is the shear rate, 1¢ is the steady shear
yield stress, k is the consistency coefficient of the model, and n is the
flow index (0 < n < 1). The fitting parameters were deduced from the
plots in the shear rate range of 101 to 102571 (Figure S10). For isotropic
liquids without long-term order, the value of n is close to 1, while shear-
thinning liquids can be characterized with an n value below 1. In the

Table 2
Total concentration of the titrated functional groups.
Sample Concentration
End
mmol g~!
pH
upward downward
difference
GO 3.07 2.98
GO1 2.70 2.58
GO2 2.55 2.45
GO3 2.51 2.41
GO4 2.73 2.71
GO5 2.42 2.37
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present case the value of n lies in the interval of 0.35-0.50 (Fig. 9a).
Such values confirm the non-Newtonian behavior of the systems. Higher
yield stress (Fig. 9b) was observed for GO1 and GO5 with respect to
other fractions that have approximately similar values. The rheological
properties reveal the differences between the fractions but again no
systematic trend is apparent.

4. Discussion

Unlike reference works [15,30-34] no systematic trend was observed
in the various properties studied along the fractions. It seems plausible
that Stokes’s law (Eq. (1)) is not applicable to our system, as this formula
is valid for dilute suspensions of spherical, or even approximately
spherical solid particles. In this context, dilute means independently
settling particles in a medium having a viscosity that is equal to or very
close to that of the dispersing medium.

One of the main factors is that the aspect ratio of the GO platelets in
the present case is very far from that of a sphere, namely 1 [49].
Furthermore, the shape and the aspect ratio vary from particle to par-
ticle (see Fig. 2a in the Results section).

The GO particles are rich in hydrophilic functional groups (see FTIR
and XPS spectra in Figs. 5 and 6, respectively, and their interpretation in
the Results section) and their surface is therefore hydrated. The thick-
ness of the sorbed water layer is influenced by the concentration of the
functional groups along the edges of the platelets. The particles settle
together with their hydrate shell with a rate determined by the extended
hydrated size. Moreover, as revealed by the zeta potential values, not all
the fractions contain particles with surface charge high enough to pre-
vent particle coagulation. The effect of water on the density of the GO
platelets must also be taken into consideration. As already noted, exfo-
liated GO particles possess structural defects inherited from the parent
graphite, e.g., dislocations [16] or vacancies. The number of the im-
perfections proliferates further during the oxidation process: holes with
multi-atomic size may be generated in the external layers of the plate-
lets; the functional groups being formed during the oxidation locally
expand the distance between the layers close to the edges. All these
effects lead to the formation of nanocavities and extended layer spacing
that can accommodate and intercalate the solvent. The separation of the
particles is consequently governed by the density of the platelets with
high water content rather than by the density of the “naked” GO parti-
cles themselves.

Last but not least, the viscosity of the dispersion medium should be
addressed. The viscosity of pure water is 10" Pa-s at 20 °C and displays a
Newtonian behavior which is evidently not the case for GO suspensions
owing to their internal structure already at low particulate concentra-
tions. The critical volume fraction ¢. at which the GO sheets already
touch each other can occur in the range 0.1-1 v/v % [65-68] or
equivalent to about 1-14 mg mL™! [49]. Discrepancies in the value of
the critical concentration and the viscosity is not surprising, since the
aqueous GO systems studied by various research groups are intrinsically
very different in several respects, including particle aspect ratio, size
distribution or surface chemistry. In the present study the concentration
(from 1.12 mg mL~L, to 0.85, 0.55, 0.25 and 0.07 mg mL ™) lies, except
for the heaviest fraction, within the critical range, where the percolation
threshold is achieved and the particles start to touch each other. At low
shear rate, our measured viscosity of 9.5 mg mL™! GO parent was 10*
Pa-s which is comparable to that of Bai et al. [69] who measured this
viscosity in the concentration range 1-9 mg mL™. The low concentra-
tion viscosity of their suspension is seven orders of magnitude higher
than that of the pure solvent, thus confirming that the particles are not
independent and the separation occurs within a structured medium.

The deviation of the expected systematic trend in the various prop-
erties can be explained by the imperfect separation. Nevertheless, the
above discussed findings reveal that the particle size, the morphology
and the surface chemistry of the GO platelets show surprisingly wide
variations among the fractions. In some of the cases the differences are
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subtle but exceed the experimental error of the methods applied.
5. Conclusions

GO particles obtained from natural graphite were separated into five
fractions in aqueous media with centrifugation and the properties of the
fractions were characterized by a wide range of methods to reveal the
deviation of the various properties within the obtained suspended par-
ticles. The applied characterization methods showed that both the
morphology and the chemistry of the GO platelets were heterogeneous.
We revealed subtle but systematic differences exceeding the standard
deviation of the applied methods. Despite the expectation, no systematic
trend was found across the fractions in the dimensions, the number of
layers, the defect concentration or the chemical composition along the
fractions. This finding can be explained by the fact that the separation
conditions did not meet the constrains of the Stokes’s law introduced for
the spontaneous sedimentation of fully independent solid spherical
particles in a low viscosity medium where the particles get separated
according to their mass. Practically none of these conditions holds here
and viscosity itself shows a non-monotonic change complication the
separation. Moreover, the defects and vacancies in the particles may
lead to the formation of nanocavities ready to accommodate water
molecules, modifying the density of the particles. This hydration is
influenced by the concentration and distribution of the functional
groups along the edges of the platelets. Consequently, the separation

& n
< <

@
<

Steady-shear yield stress (Pa)

(b)

Fig. 9. Fitted parameters from the Herschel-Bulkley model. Flow index (a) and shear yield stress (b) of the GO samples.

will be controlled by the density of the strongly hydrated platelets and
not by the “naked” GO particles themselves resulting in non-systematic
changes of the various properties across the fractions. The separation of
the highly anisotropic 2D particles is therefore governed by the density
of the strongly hydrated platelets, the network of which gives rise to a
relatively high viscosity medium.
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