
HAL Id: hal-02398751
https://hal.science/hal-02398751v2

Submitted on 7 Dec 2019

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License

Absence of giant dielectric permittivity in graphene oxide
materials Absence of giant dielectric permittivity in graphene

oxide materials
M Alfonso, Jinkai Yuan, F Tardani, W Neri, A Colin, P Poulin

To cite this version:
MAlfonso, Jinkai Yuan, F Tardani, W Neri, A Colin, et al.. Absence of giant dielectric permittivity in graphene
oxide materials Absence of giant dielectric permittivity in graphene oxide materials. Journal of Physics: Ma-
terials, 2019, ⟨10.1088/2515-7639/ab2666⟩. ⟨hal-02398751v2⟩

https://hal.science/hal-02398751v2
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


PAPER • OPEN ACCESS

Absence of giant dielectric permittivity in graphene oxide materials
To cite this article: M Alfonso et al 2019 J. Phys. Mater. 2 045002

 

View the article online for updates and enhancements.

This content was downloaded from IP address 147.210.82.43 on 22/08/2019 at 10:02

https://doi.org/10.1088/2515-7639/ab2666


J. Phys.:Mater. 2 (2019) 045002 https://doi.org/10.1088/2515-7639/ab2666

PAPER

Absence of giant dielectric permittivity in graphene oxidematerials

MAlfonso1 , J Yuan1, F Tardani1,WNeri1, AColin1,2 andPPoulin1

1 Univ. Bordeaux, CNRS, Centre de Recherche Paul Pascal, UMR5031, 33600 Pessac, France
2 CBI-MIE, ESPCI Paris, 10 RueVauquelin, Paris F-75005, France

E-mail: philippe.poulin@crpp.cnrs.fr

Keywords: graphene oxide, dielectric, permittivity, capacitor

Supplementarymaterial for this article is available online

Abstract
Graphene oxide (GO) is considered as a promising component for electronics because of its unique
anisotropy, easy processing and sometimes claimed giant permittivity. The latter would arise from an
enhanced electronic polarizability due to the presence of functional groups at the surface and edge of
GO flakes. As amatter of fact, a number of publications have reported a very large permittivity of GO
materials. Nevertheless, the reported values for the intrinsic relative permittivity vary significantly
from a fewunits to severalmillions. Such variability raises a critical question on the actual and intrinsic
permittivity of GO, and on difficulties ofmeasurements due to the polarization of the electrodes.We
presently report impedance spectroscopy characterizations of GO solutions with different solvents.
Wefind very large capacitance at low frequencies, in agreementwith previous reports. However, we
also show that these results can be interpretedwithout considering a giant permittivity of GO.
Actually, a simple equivalent circuitmodel allows us to confirm thatGOdoes not have a giant
permittivity.We conclude that GO can be used as an electrolyte for supercapacitors, or as a precursor
for electrically conductive graphene-basedmaterials, but not as an efficient additive to raise the
permittivity of solvents or composites for electronics and energy storage applications.

Introduction

Graphene oxide (GO) is an oxidized formof graphene [1, 2]. It is generally obtained by acid treatment of
graphiticmaterials. By contrast to graphene, GO is insulating due to heavy functionalizationwith oxygen
groups, and to the subsequent disruption of the conjugated network of sp2 carbon atoms.Nevertheless, GO
displays particularly appealing features as such. It is soluble in polar solvents, includingwater, and can be easily
processed into films andfibers [3–5].

It has a highflexibility alongwith ahighYoung’smodulus [6]. In addition, it canbeused as a precursor for
graphenebasedmaterials since electronic conjugation and conductivity canbepartially restored after reduction [1, 2].

GO is also often considered as a promisingmaterial for electronics and energy storage applications inwhich
high-permittivitymaterials are sought after. Actually, according to various studies, GOmaterials could even
display a giant permittivity with valueswhich vary in awide range and usually greater than 103.

For example, Liu et al [7] reported that GOcan be used as a high-kmaterial for energy storage applications
with a dielectric constant greater than 1000 at 100 Hz.Hong et al drew the same conclusion [8] andHuang et al
[9] reported values of relative permittivity above 100 at 100 Hz. Kumar et alhave reported even greater values, up
to 106 at 1 kHz [10].

As stated by the authors, these giant dielectric constants would arise from the orientational polarization of
oxygen-containing groups at the surface ofGOplanes and along the edges [10, 11]. Very large permittivities have
also been reported forGObased foams and sensors in absence of humidity [11–14]. According to the authors,
the capacitive behavior of GOpaper for sensing shows a strong dependence on temperature and relative
humidity. A strong increase of relative permittivity by around 3 orders ofmagnitude occurs with decreasing
humidity with capacitance values from several hundreds of pF to several hundreds of nF [15].
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Large values of relative dielectric permittivity are also suggested from characterizations of composite
materials inwhich a small fraction ofGO added to a polymer enhances the effective permittivity of the
composite [16–22]. By contrast, other studies have reportedmoremoderate values of permittivity, of about 3, or
less, in frequency ranges typically from100 to 1000 Hz [23–26]. Uses of GO as dielectrics in transistors led also to
the conclusion that GOhas a relative permittivity typically between 3 and 5 [27–29].

Enhancements of permittivity are, as for neat GObasedmaterials, deduced frommeasurements of large
capacitances. Nevertheless, the origin of such large dielectric permittivities remains unclear. Al-Zangana et al
[30] have recently investigated dielectric relaxation processes of GO solutions in isotropic fluids or liquid crystals
(LCs). Relaxations in 2-Propanol are associatedwith very large amplitudes, well above 1000 in relative
permittivity at 1 kHz. Such a giant amplitudewould reflect a giant intrinsic dielectric constant of GOparticles.

One can indeed expect, in themost optimistic case, that theGOdispersions form a pseudo-lamellar phase in
the investigated concentration ranges [31, 32].

In this case, the system can bemodeled as a heterogeneousmediumwith stacked insulatingGO layers
separated from each other by solvent layers as shown in figure 1. EachGO layer has a thickness d and a complex
conductivity j2GO GO0*s p ne e= while the solvent layers have a thickness t and a complex conductivity

j2 ,Solv Solv Solv0*s s p ne e= + where 0e is the permittivity of vacuum, GOe and solve the dielectric constants of GO
and of the solvent, solvs the conductivity of the solvent and n the frequency.

Considering that t?δ and that the normal of the layers is parallel to the electric field, in order to predict the
greatest possible permittivity, the effective complex permittivity of the solution effe is given by
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0
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+
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The above assumptions are reasonable considering the actual size of GOparticles and the fact that they
display thermal undulations of small amplitude [6]. The inclusion ofGO in a given fluid is therefore expected to
generate a dielectric relaxationwith an amplitude that is proportional to its intrinsic dielectric constant. This is
why very large amplitudes should reflect a giant dielectric constant of GO. The same actually would hold for
variousGOpolymer composites developed for energy storage applications, andwhich display very large
effective dielectric constants. Nevertheless, we have to keep inmind that the large permittivities reported in the
literature are deduced from capacitancemeasurements in complex electrical circuits. As already discussed by
some authors [16–18], othermechanisms, and in particular polarization of electrodes could contribute to the
capacitancemeasurements.

Separating the contribution of electrode polarization (EP) from the volumetric one is often challenging. GO,
by contrast to neat graphene or other graphitic particles, can be viewed as a polyelectrolyte, which carries a huge
number of counter-ions. The latter, be they in liquids or polymers, can form ionic double layers at the surface of

Figure 1. Schematic representation of GOdispersion in a pseudo-lamellar phase with the normal of the particles parallel to the
direction of the electricfield andwith d the thickness of the stacked dielectric insulatingGO layers and t the thickness of the separating
solvent layers.
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electrodes and generate a large effective capacitance.Moreover, GO can also adsorb at the electrode interface and
contribute to the EP [26].

In order to clarify the situation and determinewhetherGOdisplays a giant permittivity or not, we propose in
this work a simple approachwhich consists inmeasuring the impedance of dielectric cellsfilledwithGO
solutions at different concentrations. This approach, called impedance spectroscopy, is broadly used to
determine the permittivity and conductivity ofmaterials.Wemodel the systemusing an equivalent circuit by
considering both the contribution of electrodes, for an interfacial capacitance, and that of the dielectricmedium,
for the volumetric capacitance [33].We use a dielectric cell designed to enhance the contribution of the bulk
compared to that of the electrode surface. The present cell ismade of platinum rectangular electrodes and has a
very low constant cell.

As previously observed in the literature, experiments both inMilli-Qwater and in 2-Propanol confirm the
measurements of very large capacitance at low frequencies. However, our simplemodeling also demonstrates
that the observed capacitances can be simply explained by polarization of electrodes, without considering
neither giant permittivity of GOnor specific relaxationmodes related to the rotation of the particles [30].We
therefore conclude thatGO is not a high-permittivitymaterial potentially useful for energy storage applications.
However, it remains a unique precursor, easily processable, tomake graphene-basedmaterials, after
reduction [1, 2].

Indeed, as alreadywell established, reducedGO is a conductingmaterial. As such, it can enhance the
permittivity of composites at concentrations in near-percolated regimes [34–40].

Experimental section

Materials
Commercial GO solution inwater with a concentration of 4 mg ml−1 was purchased fromGraphenea (Spain).
This dispersion is prepared by chemically processing raw graphitematerial inwater via themodifiedHummer’s
method [41]. According to the provider, themonolayer content,measuredwith 0.05 wt%dispersion, reaches
values up to 95%and the single layer has a sheet dimension of 5–7 μm (see figures S1 and S2 in the
supplementary information available online at stacks.iop.org/JPMATER/2/045002/mmedia). Note that
because of polydispersity, particles greater than 7 μmor smaller than 5 μmcan be found in the samples. The
degree of oxidation is around 40%asmeasured by x-ray photoelectron spectroscopy (XPS) analysis (figure S3).
The oxidized functions include approximately C–OH284 eV, C=O288 eV,O=C–OH291 eV [42].Milli-Q
water (Q-Gard 00D2)with a resistivity above 18.2MΩ cm at 25 °C and 2-Propanol (IPA) absolute 99.9%were
purchased fromSigmaAldrich and used as received.

Sample preparation
TheGOdispersions inMilli-Qwater and IPAwere obtained through a solvent exchange process. First, aqueous
GO solutionwas centrifuged at 50 000 g for 1 h (Sorval RC 6+, rotor SE-12). The collected slurrywas then
dissolved in pure IPA. The obtained diluted dispersions in IPAwere then centrifuged at 1400 g for 20 min (Jouan
B4iMultifunction, rotor S40) in order to precipitate any large aggregates. The supernatant was collected and
treated using the same procedures as above to perform the second and third solvent exchanges. Afterwards, the
achievedGO/IPA dispersionwas sonicatedwith a tip Branson Sonifier 450 A for 30 min at 135W to further
improve the dispersion state of GO flakes.

This procedure allows the unbundling of the small remaining aggregates. Note that sonication presumably
induces a slight reduction of the size of theflakes [43]. Nevertheless, as shown further, theGOparticles remain
sufficiently large in diameter to formLCphases at relatively low concentration. The obtained dispersions were
then subjected to afinal ultracentrifuge process at 50 000 g for 1 h to achieveGOgel with a high concentration of
65 mg ml−1. The concentrationwas determined by dry extract characterizations of the samples. 1 g of the final
gel was dried in amuffle furnace at 90 °Cunder vacuum for a duration of 2 h. Samples with different weight
percentage (wt%) ofGO flakes were prepared by dilution in IPA.

TheGOdispersions inMilli-Qwaterwere preparedwith exactly the same protocols. Note that at high
concentration, theGO solutions display a high viscosity and a yield stress [5–44]. The systems are kept at room
temperature during the present study. Increase of temperature can induce reduction of the particles,making
themhydrophobic and electrically conductive.

Relatedmaterials have been characterized by x-ray diffraction in previous studies, and have been shown to
be relatively stable against reduction [6, 31]. The pHof the solutions,measured on litmus paper, varies typically
between 5 and 6 in the investigated concentration range. Therewas not a significant effect of pHobserved.
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Characterization
Polarizing opticalmicrographs (LeicaDM2500 P) ofGOdispersions inMilli-Qwater and IPAwere taken to
investigate their birefringence at room temperature. The dielectric properties of the obtained dispersions were
studied by using an impedance analyzer (7260 Impedance Analyzer,MaterialsMates Italia) under a voltage of
50 mV in a frequency range of 100 Hz–106 Hz. Themeasurements were performed using a home-built cell with
two platinumelectrodes, as shown infigure 2.

The size of the electrodes is 24 mm×4 mmand the separation between them is 500 μm.The cell thickness
was calibrated bymeasurements of sodium chloridewater solutionwith difference concentrations with known
conductivity (see supplementary information figure S9). The large surface area of the electrodes and the thin
thickness were designed tominimize the strong effect of the polarization of the electrodes andmaximize the
contribution of the bulk [45]. The present cell has a cell constant of only 5.2×10–3mm−1.

Results and discussion

Opticalmicrographs ofGOdispersions inMilli-Qwater and IPA are shown infigure 3. GO flakes are
homogeneously dispersed at low concentration, with a small number ofmicroscopic aggregates below 0.6 wt%
inMilli-Qwater and 0.4 wt% in 2-Propanol. Cross-polarizing pictures show increasing birefringence (bright
spots) as approaching the biphasic-nematic phase boundary, around 0.8 wt%GO, for both solvents with
increasingGO concentration.

In the nematic phase (figures 3 (D), (E) and (I), (J)), no aggregation is detected. Note that the presence or
absence of aggregates ismore clearly evaluated using unpolarized light (figures 3 (A′)–(J′)) compared to images
using crossed polarizers (figures 3(A)–(J)). Theflakes alignment is increasing, as evidenced by the increasing size
of birefringent domains.

Due to the large size dispersity, no clear lamellar phase is observed, as expected for plate-like nanoparticles
systems.

Nevertheless, the formed nematic phase can be viewed as a pseudo-lamellar phase with a regular spacing
between the flakes [6, 31]. The present phase behavior is consistent with that observed in previous reports
[31, 46–48] andwas not investigated inmore depth in the present work.

GOLCs contain a rather large amount of ionic species which affect the determination of their dielectric
properties due to a strong interfacial polarization, also called EP.GO contains indeed a large fraction of
functional groups such as carboxylic groups and dissociated counter ions. The polar solvents contain protons
and hydroxyl ions.

They can also contain ions due to the dissolution of CO2. The EP is due to the adsorption of ions and
formation of a diffuse double layer [45] at themetal/solution interface. This phenomenon induces a large
capacitive behavior at low frequencies, when the electric field inversion is slow enough so that themotion of
ionic charges is hindered by the charging of the electric double layer. By contrast, at high frequencies the polarity
inversion is fast enough to keep the charge carriersmoving.

For a quantitative analysis of the system and in order to differentiate the electric double layer capacitance
from the dielectric behavior of the bulk, one can use an effective equivalent electrical circuit (EEC)model
[33, 49] (see supplementary information figure S5). Because no particular ionic or electronic relaxation is
expected at amolecular scale on the frequency range of investigation, we consider the circuit elements as

Figure 2.The schematic image of the home-built dielectric cell used in this work. The inlet and outlet present on top of the dielectric
cell are necessary for insertion of the sample.
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constant. Severalmodels forGO-based LCs have been reported in the literature. They vary in complexity but
were found inmost cases suitable to explain experimentalmeasurements in a certain frequency range [50].

First of all, it is necessary to ensure that the volumetric capacitance of the bulk sample is sufficiently large so
that it can bemeasured by the experimental instrumentation. This is whywe presently use a cell with a very low
constant cell (5.2×10–3mm−1), taking into account that the smallest capacitance accuratelymeasurable with
our instrument is on the order of one pF, a common value for commercially available impedance analyzers.

We performmeasurements between 100 Hz and 1MHz, also a typical frequency range use in impedance
spectroscopy. It is preferable that relaxationmodes fall in this frequency range in order to achievemore accurate
fitting of experimental data.

Herein, we adopted a simple EECmodel that physically represents themechanisms involved in the
charge storage and transport of thematerial. Thismodel is an extension of the classical Randles cell model
[33, 51, 52].

The found values of capacitances exceedwell 10 pF and are associated, formost of them, to relaxations
clearly observed between 100 Hz and 1MHz. In details, this simplemodel comprises afinite diffusionWarburg
elementW [53] to account for the diffusion of charged species through the LC. This element is in series with a
resistorRp tomodel the resistance associated to the polarization of the electrodes.

Both of them are in parallel with a capacitorCdl to take into account the possible accumulation of charges at
the interface for an adsorbed double layer capacitance. The capacitorCbulk, represents the volumetric
capacitance of the bulk dispersions. This capacitance is directly linked to the permittivity of the sample, whereas
the resistorRs is the resistance of the bulk dispersion due to the ionic species in solution.

The theoretical impedances were calculated based on the EECmodel. The impedances associated to the
circuit elements are given infigure S5. Such EECmodel gives us a satisfying fitting from100 Hz to 1 MHz.
However, thismodel is not able at describing the properties at frequencies well below 100 Hz, orwell above
1MHz, due to the crude assumption of considering the impedance of each circuit element independent on
frequency. In particular, the strong and dominant polarization of electrodes at low frequencies is expected to
display amore complex behavior. Calculated values are then comparedwith the experimental data.

Figure 4 shows the frequency dependence of the real and imaginary parts of the impedance forGO
dispersions in 2-Propanol andMilli-Qwater. It is observed that impedances are larger for IPA than forMilli-Q
water. This is due to the greater permittivity of water compared to IPA, and to the greater ionic conductivity in
water. The experimental impedances of samples at differentGO concentrationsmatchedwell with the

Figure 3.Optical polarizingmicrographs ofGOdispersion inMilli-Qwater (A)–(E) and 2-Propanol (F)–(L): (A), (F) 0.4 wt%, (B), (G)
0.6 wt%, (C), (H) 1.0 wt%, (D), (I) 1.5 wt%, (E), (J) 3.0 wt%. (Scale bar 200 μm). The observed textures reflect the formation of small
monodomains of nematic LC phase.
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theoretical curves (colored circles represent the experimental valueswhereas the continuous line represents the
calculated ones). This agreement suggests that the proposed electrical circuitmodel is suitable and accurate
enough towell describe the electrical behavior of our systems.We also stress that the fits are accurate enough to
determine the volumetric capacitance. As shown in supplementary information (figure S6), slight changes of the
volumetric capacitance lead to poorfitting. The real part of the impedance for dispersions in 2-Propanol, as can
be seen infigure 4(a), decreases by an order ofmagnitudewith increasing concentration ofGO.

This trend reflects how the resistanceRs of the samples decreases with increasing theGO flake concentration.
The imaginary part of the impedance, shown infigure 4(b), also decreases as the concentration of theGOflakes
increases, showing amaximumpeak starting from10 kHz, which reflects a capacitivemode behavior. These
peaks shift to high frequencywith increasingGO concentration.

Concerning theGOdispersions inMilli-Qwater, the behaviors of the real and imaginary parts of the
impedance are slightly different. This can be attributed to the higher polarity and permittivity of the solvent,
which lead to relaxationmodes slightly above 1MHz.

The real part of the impedance, shown infigure 4(c), decreases with theGO concentration. This result
reflects again a decrease of resistance of the bulk, which confirms thatGO acts as a simple electrolyte in solution.
In addition, the real part of the impedance inMilli-Qwater shows a relaxation at frequency above 1MHz, in
agreementwith other studies [54].

Nevertheless, the lack of full relaxation in the investigated range of frequenciesmakes the fittingwith our
model slightlymore difficult. In parallel, themaximumof the imaginary part of the impedance, showed in
figure 4(d) is not completely visible in the investigated frequency range. The values of each element of the EEC
model for the bestfitting are given in table 1.

Figure 5 shows the trends of the bulk resistance,Rs, and the related conductivity s forGOdispersions in
2-Propanol (a) andMilli-Qwater (c), calculated through the following expression:

Figure 4. Frequency dependences of the real and imaginary part ofmeasured impedance for GOdispersions in IPA (a) and (b) on top,
andMilli-Qwater on bottom (c) and (d). The colored circles represent the experimental valueswhereas the continuous lines show the
simulated data for the concentrations: 0.4 wt% (red), 0.6 wt% (blue), 1.0 wt% (green), 1.5 wt% (pink), 3.0 wt% (purple), 6.5 wt%
(orange) and the respective supernatant (black).
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d

R A
1

s

s = ( )

with, d equal to 500μmand A equal to 96mm2.
The linear increase in conductivity withGOconcentration shows that theGOparticles behave as a classical

electrolyte in solution.
Ionic conductivity values of bulk dispersions are shown in table 2. It is interesting to note that the ionic

conductivity of the supernatant is rather large, even greater than that ofNaCl solutions (see table S2). This large
ionic conductivity comes from the dissociation of chemical functionalities at the surface of theGOparticles.

Table 1.The values of each element of the equivalent electrical circuitmodel (EEC) obtained fromdatafitting.

Solvent GO [wt%] Rp [Ω] W [Ω]−0.5 Cdl [F] Rs [Ω] Cbulk [F]

2-Propanol Supernatant 800 14 000 1.00×10–9 61 000 3.05×10–11

0.4 wt% 700 18 000 1.20×10–9 30 500 3.80×10–11

0.6 wt% 800 14 000 1.50×10–9 20 300 4.00×10–11

1.0 wt% 700 12 000 1.52×10–9 13 700 4.20×10–11

1.5 wt% 500 11 000 1.80×10–9 10 600 4.60×10–11

3.0 wt% 600 7000 2.00×10–9 6600 5.00×10–11

6.5 wt% 800 7000 2.50×10–9 3070 5.80×10–11

Mili-Qwater Supernatant 300 7000 1.00×10–9 760 1.36×10–10

0.4 wt% 20 6000 1.50×10–8 500 1.40×10–10

0.6 wt% 15 4400 5.00×10–8 320 1.43×10–10

1.0 wt% 9 3200 8.20×10–8 207 1.45×10–10

1.5 wt% 7 2400 8.50×10–8 123 1.47×10–10

3.0 wt% 4 1300 9.00×10–8 62 1.55×10–10

6.5 wt% 1 1250 1.00×10–7 36 1.65×10–10

Figure 5.Resistance of the bulk dispersions,Rs and capacitance values ofCdL andCbulk as function ofweight fraction forGO
dispersions in IPA (a), (b) andMilli-Qwater (c), (d).
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Thefitting of the data also allows the volumetric capacitance of the bulk and the double layer capacitance to
be determined. For the dispersions in IPA, the electric double layer capacitance increases from1nF, for the
supernatant, to 2.5 nF for a concentration of 6.5 wt%ofGO.

This increase can be ascribed to the greater concentration of ionic species at the surface of the electrodes. The
bulk capacitance evolves from30 pF for the supernatant, to 58 pF for a concentration of 6.5 wt%ofGO.

RegardingGOdispersions inMilli-Qwater, the interface capacitance evolves from1 to 100 nF for a
dispersion of 6.5 wt%ofGO. The bulk capacitance, increases from136 pF for the supernatant to 180 pF for the
highest GO concentration.

The relative permittivity of the samples can be deduced from the capacitance of the bulk [26] using
equation (2):

C
A

d
. 2rBulk 0e e= ( )

Infigure 6, it is possible to observe how the permittivity of the dispersions growswith the concentration of
GO. This increase is clear but not as large as the increase which could have been expected if GOwould have had a
giant permittivity. Asmentioned previously, GOLCs can be considered as a heterogeneous systemof planar 2D
particles in a pseudo-lamellar phase inwhich the amplitude eD (understood as the difference between the εr of
GOat 6.5 wt% and the one of the supernatant) is related to the dielectric constant of the particles pe as follows:

t
, 3pe e

d
D = ( )

where, t is the thickness of the solvent layer and d the thickness of the particle. Using this relation, we can
estimate the value of the dielectric constant of theGOparticles.

The ratio of the respective thickness of theGO layer and solvent layer can be estimated through the volume
fraction ,Vf defined by the ratio of the volume of the particle and the total volume

t . 4Vd f~ ( )/

From this relation, by using the respective density of the solvents equal to 0.79 g ml−1 for 2-Propanol and
1.83 g ml−1 forGOwe obtain a value of Vf ∼0.0291 for aweight fraction of 6.5 wt%.

We deduce from this value that the dielectric constant of the particle is equal to∼1.0 for the dispersions in
IPA.On the other hand, considering the volume fraction forMilli-Qwater, equal to Vf ∼0.0361 at aweight
fraction of 6.5 wt%,we find a value of 2.3 for the dielectric constant of theGOparticles inMilli-Qwater.

Table 2. Ionic conductivity of the bulk dispersions.

Supernatant 0.4 wt% 0.6 wt% 1.0 wt% 1.5 wt% 3.0 wt% 6.5 wt%

2-Propanol σ [S m−1] 8.8×10−5 1.7×10–4 2.6×10–4 3.8×10–4 4.9×10–4 7.8×10–4 1.6×10–4

Milli-Qwater σ [S m−1] 6.8×10–3 1.0×10–2 1.6×10–2 2.5×10–2 4.2×10–2 8.4×10–2 1.4×10–1

Figure 6.Deduced permittivity of the dispersions as function of concentration forGOdispersions in 2-Propanol (A) andMilli-Q
water (B).
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Even if the two values found inMilli-Qwater and IPA are just estimates of the dielectric constant of the
particle, they are still significantly lower than the giant permittivity found inmany other papers [7–15, 30].

It is also interesting to note a steep rise of the capacitance of the double layer with adding a small amount of
GO. This increase is presumably due to the adsorption of ions at the surface of the electrodes.

Last, we also note that the dielectric properties of the sample does not show any dependence on the size of the
flakes. This is expected as long as t? .d To confirm this expectation, we show infigure S7 the dielectric
properties of a solution of small particlesmade by strong sonication. The results are in agreementwith those
found for larger particles. In particularCbulk remains low, which reflects again the absence of giant permittivity
of GO.

Conclusion

Wehave characterized the impedance ofGO solutions at high concentrations in two different solvents. In both
cases, we observed a large polarization of the electrodes. In order to determine the actual volumetric capacitance
of the bulk and therefore the actual permittivity of the solutions, we use a very low constant cell and a simple
equivalent circuit tomodel the electrical behavior of the system.

The good agreement between themodel and the experiments allowed us to determine the permittivity of GO
particles.We claim that the permittivity of GO is not particularly high. Typically, it has a relative permittivity
varying from1 to a few unites.

Therefore, we do not consider GOLCs as good candidates for high-kmaterials. Nevertheless, GO can be
used as a suitable component for devices that exploit an interphase capacitance, likefield effect transistors, as an
electrolyte or as precursor for graphene basedmaterials, but not as an additive to raise the permittivity of
solvents and composites for electronics (capacitive sensing, energy storage and energy harvesting in variable
capacitors).
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