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This paper reports the unexpectedly strong effect of 4 wt% additional sorbed water on the electrical and
dielectric properties (50 Hz—2 MHz) of graphite oxide (GO) containing 18 wt% sorbed water. Water
contents of 18 and 22 wt% (designated GOqg and GO;;, respectively) are compared, with the former
obtained by heating at 60 °C (3 h) immediately before testing. The additional water increases the con-
ductivity and decreases the conductivity anisotropy. It enhances the conductivity at any frequency, but
enhances the relative dielectric constant (real part) at <200 Hz. Above 200 Hz, it decreases the dielectric
constant. Concerning the specimen-contact interface, the interfacial resistivity and specific interfacial
capacitance are decreased. The negative of the relative dielectric constant (imaginary part) is greatly
increased by the additional water. Reduced graphite oxide (RGO) exhibits higher conductivity than GO55,
which exhibits much higher conductivity than GO1g. Compared to RGO, GO3; exhibits lower conductivity,
higher interfacial resistivity and higher specific interfacial capacitance. The relative dielectric constant
(real part) is higher for GO,, than RGO at <500 Hz (due to the water), but is lower for GO,; at >500 Hz.
The through-thickness electrical/dielectric properties of GO, are modeled with GO1g, additional water

and air in parallel.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
1.1. Graphite oxide

Graphite oxide (GO) is widely used as a precursor for graphene.
The GO is attractive for humidity sensing (with fast response), due
to an increase in humidity causing the impedance to decrease [1]
and the capacitance to decrease [2]. Furthermore, GO is attractive
for filtration and separation, due to it very high water permeability
compared to the permeability of other species [3]. Other potential
applications of GO include ammonia gas sensor, transparent con-
ductors, transistors, field emitters, photovoltaics and memory de-
vices [4—6].

In contrast to graphite, GO is hydrophilic, due to the abundance
of oxygen-containing functional groups (as shown by infrared
spectroscopy [7]). Thus, GO absorbs and adsorbs water, as shown by
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the increase in the interlayer spacing [8,9]. The sorbed water in-
cludes intercalated interlayer water and water in the void between
the grains [9]. For GO containing 15—27 wt% sorbed water, the
sorbed water is mainly interlayer water [9].

Partly due to the ionic conductivity of water, the sorbed water
greatly increases the conductivity of the GO [7,10,11]. Moreover, the
sorbed water reacts with the surface functional groups of GO to
form H* ions (protons), which contribute to increasing the con-
ductivity [1]. The GO with absorbed/adsorbed water is a mixed
conductor with ionic (proton) conductivity and electronic con-
ductivity. In case that the sorbed water content is high enough for
the proton conductivity to dominate, the material has a potential
application as an electrolyte in electrochemical devices, such as a
proton conducting membrane in a fuel cell [11].

The electrical and dielectric properties are key to the use of
materials in electronic, ferroelectric and electrochemical devices. In
particular, the dielectric properties are relevant to the interactions
of materials with electromagnetic radiation. Such interactions
occur in electromagnetic interference shielding, low observability,
radar-based monitoring, and radio-frequency identification.

Prior reports of the effect of sorbed water on the electrical and
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dielectric behavior of GO includes the following. Increase of the
relative humidity from 30% to 100% causes the conductivity to in-
crease from 10% to 1072 S/cm [10]. Increase in the relative hu-
midity from 40% to 100%, increases the conductivity from
7 x 1073 S/m to 2 x 1072 S/m, but decreases the relative dielectric
constant (assumed to be independent of the frequency in the
analysis) from 100 to 8 [11]. The through-thickness conductivity of
GO containing 16 wt% sorbed water is 103 S/m [12]. The in-plane
conductivity of GO increases with increasing humidity, such that
the contribution to the measured resistance of the interface (be-
tween the GO specimen and an electrical contact) increases with
increasing humidity [1]. The rotation of the confined water mole-
cules affects the dielectric behavior [9]. In spite of the above find-
ings, the effect of sorbed water on the electrical and dielectric
behavior has not been adequately investigated in the prior work.

Since sorbed water is naturally present in GO that has been
exposed to room atmosphere, GO that contains sorbed water is
commonly used in practice. Therefore, it is important to study the
effect of sorbed water on the electrical and dielectric behavior of
GO.

1.2. Methodology of electrical and dielectric testing

The dielectric behavior of a material is described by the real and
imaginary parts of the relative dielectric constant (also known as
the relative permittivity). The real part is often simply referred to as
the relative dielectric constant. The real part relates to the polari-
zation behavior (which in turn relates to the capacitance), whereas
the imaginary part relates to the energy loss, which can be due to
the conduction loss and dielectric loss. In case of a material that has
substantial conductivity, the conduction loss dominates the energy
loss. Due to the fact that an RLC meter (as commonly used for
studying the dielectric behavior of materials [10]) is not meant for
measuring the capacitance of a material of low resistance, the
measurement of the relative dielectric constant (both the real and
imaginary parts, which are related) of a conductive material can be
reliably performed using an RLC meter, only if an electrically
insulating film is positioned between the specimen and an elec-
trical contact. On the other hand, the presence of this insulating
film greatly increases the resistance of the system, thereby making
it not possible to measure the conductivity of the specimen and
causing the measured imaginary part of the relative dielectric
constant to reflect the dielectric loss and not the conduction loss.
For a material with the loss dominated by conduction loss, this
experimental condition results in a value of the imaginary part of
the relative dielectric constant that is much lower than the true
value.

Due to the issues mentioned above, a material of substantial
conductivity should be tested in the presence of an insulating film
when the relative dielectric constant (real part) is to be measured,
and should be tested in the absence of an insulating film when the
conductivity is to be measured. In case that the material is sub-
stantially conductive, the imaginary part of the relative dielectric
constant can be calculated from the conductivity. This is the
method used in the prior work by Chung and her students for the
study of various carbon materials [ 13—16]. This method is also used
in the present work.

The imaginary part of the relative dielectric constant
(3.16—811 kHz) of GO containing sorbed water (21 wt% sorbed
water) has been reported to be essentially 0 and in the range from
10 to 10 under the presence and absence of an insulating film,
respectively [9]. The measurement was made using an RLC meter.
The essentially zero value in the presence of the insulating film is
questionable, as it is not consistent with the known substantial
conductivity of GO containing sorbed water [10,11]. The higher

values in the absence of the insulating film are also questionable, as
explained above. Therefore, clarification of the dielectric behavior
of GO containing sorbed water is needed.

Another method of electrical/dielectric testing is impedance
spectroscopy, which provides the variation of the real and imagi-
nary parts of the impedance with the frequency. The resulting
Nyquist plot of the imaginary part vs. real part of the impedance is
then analyzed by fitting the curve in the plot with that calculated by
using an equivalent electrical circuit that consists of resistors and
capacitors with values that do not vary with the frequency. Through
the curve fitting, the values of the resistors and capacitors are
determined. From the value of the specimen resistor in the circuit,
the conductivity is obtained. From the value of the specimen
capacitor in the circuit, the relative dielectric constant (real part) is
obtained. This method suffers from the assumption that the circuit
elements have values that are independent of the frequency. In
addition, the uniqueness and accuracy of the resulting resistance
and capacitance values are questionable, due to the assortment of
parameters (corresponding to the assortment of circuit elements)
used in the curve fitting. Prior work [11] used this method.

In an electrical measurement, electrical contacts to the spec-
imen are needed. The common configuration involves the spec-
imen being sandwiched by two electrical contacts, as in a parallel-
plate capacitor. This configuration means that the system being
tested involves both the volume of the specimen and the interface
between the specimen and each of the two electrical contacts. It is
the volumetric information on the specimen that is being sought.
Therefore, decoupling is needed between the volumetric and
interfacial contributions to the measured quantity (whether
capacitance or resistance). The absence of this decoupling and the
consequent consideration of the measured capacitance/resistance
to be entirely due to the specimen lead to the underestimation of
the measured values of the relative dielectric constant (real part)
and conductivity of the specimen, since the specimen and the two
interfaces on its two sides are capacitors/resistors in series.

The decoupling mentioned above was not performed in the
prior work that used an RLC meter for the electrical measurement
[9]. In the prior work that involved impedance spectroscopy [11],
the Nyquist plot obtained was fitted with an equivalent circuit
model in order to extract the resistance and capacitance informa-
tion of the specimen. The effectiveness of the decoupling is ques-
tionable, due to the assortment of parameters involved in the
fitting. The inadequacy associated with the decoupling in prior
work adds to the importance of clarifying the previously reported
dielectric and conductive properties of GO containing sorbed water
[9,11].

In our prior work [13], graphite oxide (GO) paper in the dried
state, as obtained by heating the paper at 60 °C for 3 h immediately
prior to electrical testing, was tested using an RLC meter. In contrast
to the abovementioned prior work [9,11], in our prior work [13], (i)
the volumetric and interfacial contributions were clearly decoupled
through the testing of specimens at three different thicknesses and
evaluating the slope of the curve of the inverse of the capacitance
vs. the specimen thickness in case of relative dielectric constant
(real part) determination, and the slope of the curve of the resis-
tance vs. specimen thickness in case of conductivity determination,
(ii) an insulating film was used in the measurement of the relative
dielectric constant (real part), and (iii) an insulating film was not
used in the measurement of the conductivity.

1.3. Objectives
This paper extends our prior work [13] on GO (referred to as

GOqg, due to it water content of 18 wt%., as obtained by heating at
60 °C for 3 h immediately before testing) to the study of the effect of
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sorbed water content on the electrical and dielectric properties. The
methods of material preparation and electrical and dielectric
testing are the same as those of our prior work [ 13]. The effect of the
additional sorbed water is studied by comparing the electrical and
dielectric properties of GO1g [13]| and GOy, (containing 22 wt%
water, i.e., the abovementioned GO tested without heating at 60 °C
for 3 h immediately prior to the electrical testing).

The reduction of GO to form reduced graphite oxide (RGO) in-
creases the conductivity and the relative dielectric constant (real
part) [14]. Sorbed water addition also increases the conductivity of
GO [4,710,11], and it has been reported to decrease the relative
dielectric constant [11] and the capacitance [2]. Comparison of the
effects of reduction and water addition on the electrical and
dielectric behavior has not been previously reported, though it is
practically important to the applications of these two materials and
may shed light on the conduction and polarization mechanisms.

The objectives of this work are (i) to clarify the electrical and
dielectric properties of GO containing sorbed water, particularly in
view of the issues associated with prior reports [9,11], (ii) to
investigate the effect of the sorbed water content on the electrical
and dielectric properties of GO, and (iii) to compare the effects of
reduction (to form RGO) and sorbed water content increase on the
electrical and dielectric properties of GO.

2. Experimental methods

The approach used for achieving the decoupling mentioned in
Sec. 1.2 involves (i) measuring the through-thickness resistance and
capacitance of the GO paper (for determining the quantities per-
taining to the non-air part of the paper), and (ii) conducting the
measurement for three paper thicknesses, thereby decoupling
volumetric and contact-contact interfacial quantities. The approach
is the same as that of prior work in the same laboratory as this work
[13—16]. The prior work concerns dried GO [13], reduced GO [14],
exfoliated graphite [15—17], graphite nanoplatelet [16], carbon
black [16] and activated carbon [16]. Please refer to the prior work
[13] for the details of the testing set-up.

2.1. Materials

As in our prior work [13,14], the graphite raw material for pre-
paring the GO is Micro 850 from Asbury Graphite Mills, Inc.
(Asbury, NJ). It is natural crystalline graphite with particle size 5 pm
and 99% carbon. The GO is prepared using the modified Hummers
method [18]. This method involves (i) putting 22.50 g of 98% sul-
furic acid (H2SO4) and 0.500 g of sodium nitrate (NaNO3) powder in
an open glass beaker, followed by placing the beaker in a basin of
ice water for the purpose of cooling the beaker 0 °C, (ii) adding
1.000 g of graphite, followed by magnetic stirring for 30 min, while
the beaker remains cooled, (iii) slowly adding 3.000 g potassium
permanganate (KMnOy4), while the beaker remains cooled, (iv)
allowing the beaker to be heated naturally (due to the exothermic
reaction) to 35 °C, which is kept for 30 min while magnetic stirring
takes place, with the color changing from black to dark purplish
green, (v) continuing the magnetic stirring for 2 days, with the color
of the dispersion changing to dark brown, (vi) slowly adding 45 ml
of de-ionized water, while stirred occurs, in order to prevent violent
effervescence, thereby causing the temperature to increase to
90—95 °C, which is then maintained for 15 min, (vii) adding
10.00 ml of 30% hydrogen peroxide (HO;) and 53.00 ml of
deionized water in order to reduce the residual potassium per-
manganate and manganese dioxide (MnO;) to form soluble man-
ganese sulfate (MnSQg4), with the color of the solid (GO) changing to
bright yellow (characteristic of the maximally oxidized product
with C:O ratio between 2.1 and 2.9 [19]), while the liquid above it is

colorless, and (viii) drying the dispersion to obtain the solid (GO),
which is dark brown.

The GO paper is prepared from the GO by (a) magnetically
stirring the GO aqueous dispersion for 2 h, followed by allowing the
dispersion to sit for 24 h for the purpose of having the GO settle
down, then decanting the upper colorless water above the GO, and
then adding hydrochloric acid (HCl) in the amount of 5% of the
weight of the dispersion, followed by allowing the settling for 24 h
and then decanting the colorless water above the GO, and then
repeating all of step (a) once, (b) repeating again and again all of
step (a), but using deionized water instead of hydrochloric acid
until the decanted liquid has a pH close to 7, (c) sonicating thrice,
with each time lasting 1.5 h, such that the color changes from bright
yellow solid (before step (a)) to dark brown dispersion (after step
(€)), (d) casting the dispersion into 50 x 50 mm square silicone
molds with mold cavities of three different thicknesses, and then
drying at room temperature for 72 h, followed by oven drying at
60 °C for 6 h.

During storage in a sealed plastic bag placed in a room at
(20 + 2)°C and (55 + 5)% relative humidity, the prepared GO paper
absorbs moisture. In this work, the GO1g paper refers to the GO
paper that was subjected to oven drying at 60 °C for 6 h immedi-
ately before testing; this is the material of our prior work [13]; it
contains 18 wt% sorbed water. In contrast, GO;, paper refers to the
GO paper that was not subjected to this drying immediately prior to
testing; it contains 22 wt % sorbed water.

The RGO is prepared from the abovementioned GO by chemical
reduction using hydrazine hydrate. The preparation method and
the electrical and dielectric properties are described in our prior
report [14].

2.2. Sorbed water content determination

The difference in sorbed water content between GO, and GO1g
is obtained in this work by weighing the material before and after
the drying. Comparison of the mass per unit volume of the GOqg
paper and that of the GO,, paper shows that the additional sorbed
water content (the sorbed water content beyond that in the GOg
paper) in the GO2; paper is (3.3 + 0.3) wt.%, which corresponds to C/
H,0 mole ratio 24.6 + 3.9, where H,O0 refers to the additional sor-
bed water.

The sorbed water contents in the GO», paper and GO1g paper are
separately determined by thermogravimetric analysis (TGA). Upon
heating from 30 °C at a heating rate of 10 °C/min under flowing
nitrogen gas at a flow rate of 19.8 mL/min, using a Perkin-Elmer
Corp. 4000 TGA instrument, the first step of weight loss occurs in
the temperature range from 30 to 122 °C. This weight loss is
attributed to water loss, with the water being primarily interlayer
water [9].

The TGA results in Fig. 1 show that the sorbed water content in
the GO1g paper is 17.9 wt% (which corresponds to C/H,0 mole ratio
4.5, where H,O0 refers to the total sorbed water), whereas that in the
GOy, paper is 21.8 wt% (which corresponds to C/H,0 mole ratio
3.7). This means that both GO1g paper and GO, paper have sub-
stantial amounts of sorbed water, such that the difference in sorbed
water content is 3.8 wt%, which is consistent with the value of
3.3 wt% mentioned above, based on the weighing of the GO1g paper
and GOy, paper. The value of 3.3 wt% is more reliable than that of
3.8 wt%.

The heating above 122 °C essentially does not alter the weight
difference between the two TGA curves in Fig. 1. This means that the
difference between the two curves for the entire temperature range
is mainly due to the difference in the amount of weight loss below
122 °C. The weight loss above 122 °C is attributed mainly to the loss
of species associated with the functional groups on the surface of
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Fig. 1. TGA curves of GOyg paper (dashed curve) and GO, paper (solid curve) during
heating.

the GO [9,20]. The amounts and nature of the functional groups are
apparently similar for the two materials.

2.3. Structural analytical method

It should be emphasized that GO1g means GO containing 17.9 wt
% sorbed water, as obtained by oven drying at 60 °C for 6 h
immediately before testing. The GOqg is the material of our prior
work [13].

2.3.1. vol fractions of the constituents

Under the assumption that the GO, paper consists of GOqg,
additional sorbed water and air, the volume fraction each of these
three constituents are calculated using the method described
below. The calculation is based on the measured density of the GO,
paper and that of each of the constituents, with the density of the
additional sorbed water taken as 1.000 g/cm> and the density of
GO1g taken as 2.200 g/cm? [21]. The density of the GO, paper is
(1.5706 + 0.0046) g/cm?, as obtained from the mass and volume of
the GOy; paper. The density pyg of the GO, paper, according to the
Rule of Mixtures, is given by

Pwg = Pglg + Pwlw, (1)

where pg and py, are the densities of GOqg and additional sorbed
water, respectively, and vg, vy and v, are the volume fractions of
GO1s, additional sorbed water and air, respectively. Since there are
only the three constituents,

vg +vw +vg = 1. (2)

Compared to the GO1s paper, the additional sorbed water con-
tent in the GOy, paper is (3.3 + 0.3) wt.%. Consider 100 g of GO2;
paper. It contains 96.7 g of GOig and 3.3 g of additional sorbed
water. Thus,

Vg = (96.7/2.2)cm> = 44.0 cm?, (3)
where Vg is the volume of GO1g, and
Vw =3.3/1.0 = 3.3 cm?, (4)

where V,, is the volume of the additional sorbed water.
Hence,

By using the three simultaneous equations in Eqgs. (1), (2) and
(5), the three unknowns, which are the volume fractions of GOg,
additional sorbed water and air, are obtained. Thus, the volume
fractions of the three constituents of the GO, paper are found to be
(69.03 + 0.25) vol% GOqg, (5.19 + 0.51) vol% additional sorbed water,
and (25.78 + 0.38) vol% air. In other words, the non-air part of the
GOy paper amounts to (74.22 + 0.38) vol%.

2.3.2. Relative dielectric constant (real part) calculation based on
the volume fractions of the constituents

Under the assumption that the three constituents of the GOy,
paper are capacitors in parallel (Fig. 2(a)), the relative dielectric
constant kg of the GO2, paper, according to the Rule of Mixtures, is
given by

Kwg = KgVg + KwVw + Kava, (6)

where the relative dielectric constant k., of additional sorbed water
is taken to be 80 [16] and the relative dielectric constant kg of air is
1.000. By using Eq. (6) and the relative dielectric constant of GO1g
determined in our prior work [13], the relative dielectric constant
kwg of the GO22 paper is calculated. This is the calculated value
based on the assumption of capacitors in parallel.

Under the assumption of capacitors in series (Fig. 2(b)), the
relative dielectric constant of the GO, paper, according to the Rule
of Mixtures, is given by

1/ng:Vg/Kg+Uw/Kw+va/Ka. (7)

By using Eq. (7), the relative dielectric constant of the GOj,
paper is calculated. This is the value based on the assumption of
capacitors in series.

2.4. Electrical characterization methods

2.4.1. Experimental set-up

Unless noted otherwise, the reported results are for the
through-thickness direction. For both through-thickness and in-
plane electrical measurements, specimens at three thicknesses
are tested. The three thicknesses of GO, paper are
0.114 + 0.003 mm, 0.248 + 0.003 mm, and 0.364 + 0.003 mm; they
correspond to specimen masses of 70.72 + 0.01 mg,
156.29 + 0.01 mg, and 228.89 + 0.01 mg, respectively.

Each GO»; paper specimen for the through-thickness dielectric/
conductivity testing is a square with dimension 20.00 + 0.10 mm at
each edge of the square, as obtained by cutting and removing the
four edge regions from the molded 50 x 50 mm square specimen.

Each specimen for in-plane electrical conductivity testing is a
rectangular strip of width 4.840 + 0.003 mm, and length exceeding
30.000 mm. The four-probe method is used, with the two inner
voltage contacts being 19.200 + 0.003 mm apart and two outer
current contacts being 28.000 + 0.003 mm apart and symmetrically
positioned relative to the two inner contacts. All four contacts are
made with silver paint in conjunction with copper wires.

Fig. 2 shows the equivalent electrical circuit used in this work for
modeling the through-thickness conduction and dielectric
behavior of the GOy, paper. In this circuit, GO1g, air and additional
sorbed water are electrically in parallel and this parallel combina-
tion is in series with both electrical contacts, which are in contact
with the two opposite surfaces of the GO, paper, thereby sand-
wiching the paper. All the quantities shown in the model are
decoupled and determined using the method of prior work [13].

The through-thickness relative dielectric constant (which de-
scribes the volumetric dielectric behavior of the paper), the specific
interfacial capacitance (which is the capacitance per unit area of the
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Fig. 2. Equivalent electrical circuit models for the through-thickness electrical behavior of the GO,, paper. The contact refers to the interface between the paper and an electrical

contact. (a) Parallel model. (b) Series model.

interface between the paper and either electrical contact), the
through-thickness electrical resistivity (which describes the
geometry-independent through-thickness volumetric conduction
behavior of the paper) and the interfacial electrical resistivity
(which is the geometry-independent areal resistivity of the inter-
face between the paper and either electrical contact) are measured
in this work, using a precision RLC meter (Quadtech 7600), with the
frequency ranging from 50 Hz to 2 MHz. The capacitance and
resistance for the parallel RC circuit configuration are separately
obtained from the meter, such that the capacitance is measured
with an electrically insulating film (thickness 75 pum) between the
paper and each electrical contact, and the resistance is measured
without this insulating film [13]. The use of the electrically insu-
lating film in case of capacitance measurement is for the purpose of
minimizing the through-thickness current, as needed for the RLC
meter to function properly, thereby determining essentially the real
part of the relative dielectric constant. The AC voltage is adjusted so
that the electric field is fixed at 22.6 V/cm while the thickness
varies, so the voltage is 0.50, 0.90 and 1.26 V for the three
thicknesses.

In order to decouple the volumetric and interfacial contribu-
tions to the capacitance, specimens of three different thicknesses
are tested. The electric field is applied between two copper foils
(thickness 62 pm), which are the electrical contacts. The pressure
provided by a copper foil and a steel weight (above the foil) on the
paper during testing is 4.3 kPa (0.63 psi).

The decoupling of the contribution of GOg, additional sorbed
water and air is performed by using the Rule of Mixtures, with three
constituents modeled as being electrically in parallel (Fig. 2(a)). The
series model (Fig. 2(b)) is much less effective than the parallel

model for fitting with the experimental results presented in this
paper. The superiority of the parallel model is consistent with the
fact that the carbon layers in GO are not flat and the contacts be-
tween the adjacent layers allow conduction and polarization in the
direction perpendicular to the layers.

2.4.2. Capacitance analytical method

The volumetric capacitance of the GO paper (C,) and the
capacitance of the interface between the paper and an electrical
contact (C;) are in series, so the measured capacitance C is given by

1/€=2/G+1/G. (8)

The factor of 2 in Eq. (8) is due to the presence of two interfaces
on the two sides of the paper. Due to Eq. (8), G; is less influential
when it is large. The C, is given by

G = eokA/l, (9)

where ¢ is the permittivity of free space (8.85 x 10 ~12 F/m), « is the
through-thickness relative dielectric constant of the paper, A is the
paper area (20.0 x 20.0 mm?), and [ is the paper thickness. The « is
the same as the real part (commonly abbreviated «’) of the relative
dielectric constant.

Due to Egs. (8) and (9), the plot of 1/C against [ is a straight line
with the intercept of 2/C; at the 1/C axis at | = 0, and the value of k is
obtained from the slope, which is equal to 1/(egkA). Using the model
of capacitors in parallel, the interfacial capacitance C; of the inter-
face between the specimen and the electrical contact is given by
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C,' = CigJFCinFCia (10)

where Cg is the interfacial capacitance associated with GO1g, Gy is
the interfacial capacitance associated with the additional sorbed
water and Cjq is the interfacial capacitance associated with air part.
The Cj, is neglected, due to the thickness of the air gap resulting in a
low capacitance. The air gap is discontinuous in the plane of the
interface, but its thickness is expected to be of the order of the
undulation in the carbon layers. The undulation is considerable, as
suggested by the breadth of the XRD peak (Fig. 2 of this paper and
Fig. 2 of Ref. [13]), the substantial intensity of the disordered (D)

50000

Raman peak (Fig. 3), and microscopy images (not included). Thus,
Eq. (10) is approximated as

Ci:Cig+Ciw:Ciwga (]1)

where Gy is the capacitance associated with the non-air part. The
specific interfacial capacitance C. of GO,; is given by

Ce=G/[(1 —aa)d], (12)

where q, is the area fraction (approximately equal to the volume
fraction) of the air part and A is the area of the overall electrical
contact.
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Fig. 3. X-ray diffraction (XRD) pattern of (a) GO1g paper, and (b) GO, paper.
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The non-air part (i.e., entirety minus air) of the GO1g paper refers
to GO1g, with the air excluded. Also based on the parallel model,
with the contribution of air to the relative dielectric constant
neglected, the relative dielectric constant kg of the non-air part of
the GOqg paper is given by

Kg = Kgp/(1 = va), (13)

where kgp is the relative dielectric constant of the GOqg paper.

Considering that the GO, paper is electrically equivalent to
GO1g, additional sorbed water and air in parallel in the through-
thickness direction, the capacitance Cy, of the GO paper is
given by

where Cg, Gy and (g, are the capacitances of GO1g, additional sorbed
water and air, respectively. The relative dielectric constant «, of
the GO, paper is given by Eq. (6). Using the measured value of the
relative dielectric constant of the GO, paper, the relative dielectric
constant of GOig obtained in our prior work [13], the volume
fractions of the three constituents, and Eq. (6), the effective relative
dielectric constant «,, of the additional sorbed water in the GO3>
paper is calculated.

The non-air part (i.e., the entirety minus the air part) of the GOy,
paper refers to the combination of GO and additional sorbed
water, with the air excluded. Also based on Eq. (6) and the parallel
model, the relative dielectric constant g of the non-air part of the
GOy paper is given by

kwg = (Kgvg + kwVw) /(1 — va) = (Kwp — Kava) /(1 — va). (15)

The relative dielectric constant reported here includes the value
kwp for the overall GOy; paper and the value kg for the non-air part
of the GO, paper.

2.4.3. Resistance analytical method

The measured resistance R between the two copper contacts
that sandwich the GO paper includes the through-thickness vol-
ume resistance R, of the paper and the resistance R; of each of the
two interfaces between the paper and a copper contact, i.e.,

R=R,+2R;. (16)

By measuring R at three paper thicknesses, the curve of R versus
thickness is obtained. The intercept of this curve with the R axis at
zero thickness equals 2R;, whereas the slope of this curve equals R,/
I, where R, is the paper resistance for the paper thickness of L. The
through-thickness GO paper resistivity is obtained by multiplying
R/l by the specimen area A. The paper conductivity is the inverse of
the paper resistivity.

The non-air part (i.e., entirety minus air) of the GO1g paper refers
to GO1g with the air excluded. Also based on the parallel model, the
conductivity g of the non-air part of the GO1g paper is given by

0g = 04p/(1-va), (17)

where ogp is the conductivity of the GO1g paper. The conductivity
reported in our prior work [13] includes the value o4, for the overall
GO1g paper and that o for the non-air part of the GO1g paper.

Considering that the GO, paper is electrically equivalent to
GOqg, additional sorbed water and air in parallel in the through-
thickness direction, the conductivity oy, of the GOy, paper is
given by

Uwp = Oglg + Owlw. (18)

where o and ¢y, are the conductivities of GO and the additional
sorbed water, respectively. Using the measured value of the con-
ductivity o), of the GOy, paper, the conductivity o, of the GOqg ob-
tained in our prior work [13] and Eq. (18), the effective conductivity
ay of the additional sorbed water in the GO,; paper is calculated.

The conductivity oy of the non-air part of GO2; paper is given
by

Owg = owp/(1-vq). (19)

The conductivity reported here includes the value oy, for the
overall GOy, paper and the value ¢y, for the non-air part of the
GOy, paper.

Based on the parallel model, the interfacial resistance R; (the
resistance of the interface between the specimen and the electrical
contact) is given by

1/R; =1/Rig + 1/Ryy + 1/Ryq, (20)

where Rjg is that interfacial resistance associated with the GO1g, Riw
is that associated with the additional sorbed water and Ry, is that
associated with the air part. Since Ry, is infinity, the last term of Eq.
(20) is negligible and Eq. (20) becomes

1/R; = 1/Rig + 1/Riyyy = 1/Ryyq, (21)

where Ry, is the resistance of the non-air part of the interface. The
interfacial resistivity pjwg of the non-air part of the interface be-
tween GO», and the electrical contact is thus given by

Piwg = Riwg(1 — ag)A. (22)
Combination of Egs. (21) and (22) gives
Piwg = Ri(1 — aq)A. (23)

For the sake of simplicity, piwg is referred to as p;.

2.4.4. Dielectric loss analytical method

For a conductive material, the conduction loss dominates the
energy loss, so the imaginary part -«” (where «” is negative) of the
relative dielectric constant is related to the conductivity ¢ by the
equation

—K' = a/(2mvey), (24)

where v is the AC frequency. In this work, ¢ in Eq. (24) is the con-
ductivity of the non-air part of the GO;; paper, so -x” obtained from
Eq. (24) is the value for the non-air part of the GO»; paper. Eq. (24)
is valid, at least approximately, due to the substantial conductivity
of the GO2; paper and the consequent dominance of the conduction
contribution to the imaginary part of the relative permittivity. For
the GOqg paper, as shown in our prior work [13], the conductivity is
much lower than the GO, paper of this work, so the validity of Eq.
(24) is questionable for the GO1g paper.
The dielectric loss (tan ¢) is obtained by using the equation

tand = —« /K = 0/(2mveok’), (25)

where «’ is the real part of the relative dielectric constant. In this
work, ¢ in Eq. (25) is the conductivity of the non-air part of the GO2;
paper, so tan ¢ obtained from Eq. (25) is the value for the non-air
part of the GOy, paper.
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3. Results and discussion
3.1. Structure of the GO paper

The GO paper is dark brown in color. With the true density of GO
taken to be 2.200 g/cm? [21], the non-air content in the GO paper is
(69.03 + 0.25) vol% [13] and (74.22 + 0.38) vol% for GO4g [13] and
GOy, respectively. Please refer to Sec. 2.3.1 for the calculation of the
non-air content of the GOy, paper.

The elemental composition of the GOqg paper [13], as deter-
mined by energy dispersive x-ray spectroscopy in conjunction with
scanning electron microscopy, is shown in Table 1. The carbon/ox-
ygen atomic ratio is 1.95 + 0.23. This ratio, and the atomic con-
centrations of C and O, are all close to those of prior work on GO
[22]. The minor amount of sulfur (2.43 + 0.40 at.%) is attributed
to the sulfuric acid used in the GO preparation.

For the GOqg paper, comparison of the C/H,0 mole ratio (with
the water referring to the total sorbed water) of 4.5 (Sec. 2.2) and
the C/O atomic ratio of 2.0 indicates that the O/H,0 mole ratio is 2.3.
This implies that all 44% of the oxygen atoms in GO1g correspond to
water molecules.

For the GO, paper, the C/H,0 mole ratio (with the water
referring to the total sorbed water) is 3.7 (Sec. 2.2). By considering
the C/H,0 mole ratio of 4.5 for the GO1g paper (Sec. 2.2), which has
a C/O ratio of 2.0, one obtains by proportion that all 53% [i.e., 44%
(4.5/3.7)] of the oxygen atoms in GOy, correspond to water mole-
cules. It is reasonable to assume that the additional sorbed water
(which is minor in quantity) does not affect the C/O ratio of the
graphite oxide, in which the oxygen atoms are strongly bonded to
the carbon atoms.

Comparison of the C/H,O mole ratio of 25 (for the additional
sorbed water) (Sec. 2.2) and the C/O atomic ratio of 2.0 indicates
that the O/H,0 mole ratio is 13 for the additional sorbed water. This
implies that all 8% of the oxygen atoms in GO;, correspond to
additional sorbed water molecules. Thus, all 52% (44% + 8%) of the
oxygen atoms in GO»; correspond to water molecules (among those
in the total water). Hence, the values for the fraction of oxygen
atoms in GOy corresponding to a water molecule (any of the water
molecules in the total water), as obtained by the method of this
paragraph and the method of the last paragraph, are close.

X-ray diffraction (XRD) of the GO1g paper (Fig. 3(a)) shows the
main peak at 26 = 10.28°. This corresponds to an interlayer spacing
of 8.60 A. The amount of sorbed water affects the interlayer spacing
of GO [8], so there is variability in the interlayer spacing among
different published works.

In addition, Fig. 3(a) shows a weak broad peak at 20.5° corre-
sponding to an interlayer spacing of 4.33 A for the GO1g paper. The
weak peak has been previously reported in GO with C/O ratio 2.47
and interpreted as being due to the incomplete intercalation of a
minor part of the material [23]. However, the absence of a graphite
002 peak in Fig. 3(a) indicates the absence of residual graphite.

Fig. 3(b) shows that the GO, paper exhibits the main XRD peak
at 26 = 9.20°, which corresponds to an interlayer spacing of 9.61 A.
This spacing is higher than the value for the GO1g paper (Fig. 3(a)).
That the interlayer spacing is higher for the GO, paper is as ex-
pected. The GO,; paper also exhibits a broad XRD peak at

Table 1
The elemental composition of GOjg, as determined by x-ray energy-dispersive
spectroscopy [13].

Element Wt.% At% C/O atomic ratio
C 56.09 + 1.98 64.52 + 2.14 1.95+0.23

(] 38.26 + 2.81 33.04 + 2.49

S 5.65 +0.92 2.43 +0.40

indensity (arb. unit)

e’ P
bawrr™ GOy,

------- GOy
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Fig. 4. Raman spectra of GOyg paper (dashed curve) and GO,; paper (solid curve).

26 = 18.23°, which corresponds to an interlayer spacing of 4.86 A.
Such a broad peak at this position has been previously reported for
GO that contains a minor amount of residual graphite, which is
shown by a weak peak at 20 = 26° [20]. A weak peak at 26 = 18° has
also been observed in GO and interpreted as being due to incom-
plete intercalation [23]. However, Fig. 3(b) does not show any re-
sidual graphite peak. Nevertheless, the additional sorbed water
accentuates and broadens this peak at 18°. Indeed, this peak has
also been interpreted as being due to water domains [24].

Fig. 4 shows that the Raman spectrum is essentially identical
between GOqg paper and GO,; paper. The ratio of the D peak to the
G peak is the same at 1.00 for these two cases. This means that the
additional sorbed water essentially does not affect the lattice vi-
brations or the degree of order of the carbon material.

As indicated by FTIR (Fig. 5), the GO1g paper and GO, paper are
comparable in the amounts and types of functional groups. For
example, they are comparable in the amount of —CO groups.
However, GO3; has a greater amount of —OH groups than GO4g. The
similarity in FTIR results is consistent with that in the Raman
results.

3.2. Through-thickness relative dielectric constant (real part)

Fig. 6 shows that the plots of 1/C vs. specimen thickness is linear,
as expected. The slope of the plot relates to the relative dielectric
constant (real part).
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Fig. 5. FTIR spectrum of GO4g paper (dashed curve) and GO»; paper (solid curve).
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Fig. 6. Plot of 1/C (where Cis the measured capacitance) vs. the specimen thickness for
the GO,, paper of three different thicknesses for the determination of the through-
thickness relative dielectric constant. The error bars are included, though they are
too short to be clearly shown. (a) 50 Hz. (b) 2 MHz.

Fig. 7(a) and (b) show the relative dielectric constant (real part)
vs. the frequency for the overall GO2; paper (with the air included)
and the non-air part of the GO paper, respectively. Comparison of
Fig. 7(a) and (b) shows that, at any frequency, the relative dielectric
constant (real part) of the overall GO, paper is lower than that of
the non-air part of the paper. This is expected, due to the air in the
overall GOy, paper.

At low frequencies (<200 Hz), the relative dielectric constant
(real part) is higher for GO;;, than GO1g, due to the polarizability of
the additional sorbed water in GOy, (Fig. 7(b)). However, at high
frequencies (>200 Hz), it is lower for GO, than GOqg, suggesting
that the additional sorbed water in GO, contributes to inhibiting
the excursion of the electrons in the GO during polarization at
frequencies at which the water molecules are not able to contribute
to the polarization.

The decrease of the relative dielectric constant (real part) by the
additional sorbed water at >200 Hz is apparently consistent with
the trend of this quantity (assumed to be independent of the fre-
quency in the analysis) in prior work [11]. It is also apparently
consistent with the previously reported decrease of the capacitance
(at an unspecified frequency) with increasing humidity [2]. The
dielectric constant was not even reported in Ref. [2]. Therefore,
comparison of the results of this work with those of prior work
[2,11] cannot be effectively conducted.

The value of the relative dielectric constant (real part) for the
GO, paper decreases sharply with increasing frequency, due to the
dipole friction associated with the water molecules. For the GOs
paper, the relative dielectric constant does not decrease with
increasing frequency as precipitously.

The difference in dielectric constant between GO,; and GOqg
decreases with increasing frequency above 1 kHz, so that, above
0.1 MHz, the values are quite close (Fig. 7(b)). That the values for
GO3, and GO4g become close at high frequencies is attributed to the
small distance of excursion of the electrons at high frequencies and
the consequent reduced inhibiting influence of the additional sor-
bed water to the excursion.

Based on impedance spectroscopy, it has been reported that
increase in the relative humidity from 40% to 100% decreases the
relative dielectric constant (real part, frequency independent in the
analysis) from 100 to 8 [11]. The values of the relative dielectric
constant (real part, obtained in this work) are much higher than
those based on impedance spectroscopy [11].

Reduced graphite oxide (RGO) has been previously studied us-
ing the same method as this work [14]. The relative dielectric
constant (real part) is lower for GO, that RGO at high frequencies
(>500 Hz), but is higher for GOz, than RGO at low frequencies
(<500 Hz) (Fig. 7(a) and (b) and Table 4). This reflects that the
sorbed water is able to contribute to the relative dielectric constant
(real part) only at low frequencies.

Fig. 7(c) shows the specific interfacial capacitance C. (of the non-
air part of the GO1g or GO22 GO paper) of the interface with the
electrical contact. The value is lower for GO, than GO1g, except for
the lowest frequency of 50 Hz. This means that the presence of
additional sorbed water decreases the interfacial capacitance,
probably because it thickens this interface. A higher value is
desirable, as it would make the interface less influential to the
overall measured capacitance. The specific interfacial capacitance
decreases with increasing frequency more precipitously for GO2;
than GOqg, because of the dipole friction associated with the water
molecules in the GOy, case.

At any of the frequencies studied, the specific interfacial
capacitance is higher for GO1g or GO3; than RGO [14], such that the
difference is more significant at low frequencies than high fre-
quencies (Fig. 7(c) and (d) and Table 4). Since the effect of the
sorbed water decreases with increasing frequency, this suggests
that the sorbed water in GO1g or GO>; is mainly responsible for the
high specific interfacial capacitance of GOg or GOy;,. This further
suggests that water resides at this interface and its presence there
increases the specific interfacial capacitance.

As shown in Table 2, the measured and calculated (parallel
model, Eq. (6), Fig. 2(a)) values of the relative dielectric constant
(real part) of GO, (with the air included) are not far apart at 100
and 200 Hz, but are quite far apart at frequencies above and
below these frequencies. The calculated values based on the se-
ries model (Eq. (7), Fig. 2(b)) are all very low compared to the
corresponding measured values. This means that the parallel
model is much superior to the series model, even though the
preferred orientation of the carbon layers in the plane of the
paper suggests the greater suitability of the series model. This
suggests a degree of electrical connectivity in the through-
thickness direction, as expected from the bent morphology of
the carbon layers [25].

The superiority of the parallel model to the series model has
been previously reported for the thermal conductivity of contin-
uous glass fiber epoxy-matrix composite laminates in the through-
thickness direction [26]. Although the glass fibers are in the plane
of the laminate, the bending of the fibers causes touching of the
fibers in the through-thickness direction. As a result of the
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Fig. 7. Plot of the through-thickness relative dielectric constant « of the GO13/GO2,/RGO paper vs. the frequency. (a) The overall GO13/GO22/RGO papers (with the air included). (b)
The non-air part of the GO13/GO,2/RGO papers. (c) Plots of the through-thickness specific interfacial capacitance C. for the non-air part of the GO15/GO22/RGO paper vs. the fre-
quency. (d) Same plots as (c) except that the vertical scale is logarithmic rather than being linear in order to show the RGO data more clearly. The results for the GO, and RGO

papers are from our prior work [13,14].

touching, the parallel model with the parallel conduction paths in
the through-thickness direction is effective for explaining the
measured through-thickness thermal conductivity, while the series
model is less effective.

The overestimation of the relative dielectric constant (real part)
of GO, (with the air included) at high frequencies >200 Hz, as
shown by the high calculated value (parallel model) compared to
the corresponding measured value (Table 2), is attributed to the fact
that the relative dielectric constant of water at high frequencies is
actually less that the assumed value of 80. The underestimation at

Table 2

low frequencies <100 Hz (Table 2) is probably due effective value is
positive and extraordinarily high (much higher than the value of 80
for ordinary water) at frequencies <200 Hz, such that the value
increases with decreasing frequency. This suggests that the inter-
action between the additional sorbed water molecules and the
functional groups of the GO [4] intensifies as the frequency de-
creases. The effective value is negative at frequencies >500 Hz, such
that the magnitude increases with increasing frequency. This sug-
gests another type of interaction (presently unclear) that occurs at
high frequencies. However, the inadequacy of the Rule of Mixtures

The measured and calculated values of the through-thickness relative dielectric constant (real part) of GO, (with the air included) and the measured values of the through-
thickness relative dielectric constant of GO;g (with the air excluded). The parallel and series models are illustrated in Fig. 2(a) and (b) respectively. The calculation assumes that

the relative dielectric constant of water is 80 at all frequencies.

Frequency (Hz) GOy GO45 [13] Additional sorbed water
Measured Calculated (parallel model) Calculated (series model) Measured Effective value®

1000 70 + 23 241 + 56 3.84 + 0.90 343 + 81 —2740

500 158 + 39 319 + 48 3.85 + 0.58 455 + 68 -1770

200 392 + 58 435 + 30 3.85+0.26 624 + 43 2510

100 658 + 64 533+ 15 3.86 + 0.11 766 + 22 8050

50 1117 £ 92 636 + 29 3.86 + 0.17 915 + 41 18900

¢ Calculated value, as needed to make the GO,, calculated value based on the parallel model equal to the measured value.
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may have contributed to causing these extraordinary values of the
effective relative dielectric constant.

3.3. Through-thickness electrical conductivity

Fig. 8 shows that the plots of R vs. specimen thickness is linear,
as expected. The slope of the plot relates to the inverse of the
electrical conductivity.

Fig. 9(a) shows that the conductivity at any frequency is higher
for the non-air part of the GO, paper than that of the GO;g paper.
This is as expected, due to the conductivity of the additional sorbed
water in the GO;; paper. Fig. 9(a) also shows that the conductivity
increases with increasing frequency. This is consistent with the
previous report of the impedance of GO decreasing with increasing
frequency [1]. This trend of the conductivity is probably because of
the decreasing excursion of the charge carriers in a cycle when the
frequency increases and the consequent reduced chance for the
carriers to encounter defects. The increase of the conductivity with
increasing frequency is more precipitous for the GO1g paper than
the GO,y paper, probably because the presence in GOy, of addi-
tional sorbed water, which is conductive, reduces the effect of the
defects.

At any frequency in the range studied (50 Hz—2 MHz), the
through-thickness conductivity of GOy, (0.35—1.09 S/m) is lower
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Fig. 8. Plot of the measured through-thickness resistance R vs. the specimen thickness
for the GO,, paper of three different thicknesses for the determination of the through-
thickness electrical resistivity. The error bars are shown, though they are too short to
be shown clearly. (a) 50 Hz. (b) 2 MHz.
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Fig. 9. (a) Plots of the AC conductivity vs the frequency for the non-air part of the
GO15/GO42/RGO paper. (b) Plots of the AC interfacial resistivity vs. frequency for the
non-air part of the GO13/GO2, paper. (c) The ratio of the through-thickness conduc-
tivity of the non-air part of the GO, paper ¢ 1¢o22 to that of the GO1g paper & co1s VS.
the frequency. The results for the GOg paper are from our prior work [13].

than that of RGO (1.17—1.61 S/m) [14] (Fig. 9(a) and Table 4). This
means that the ionic conductivity of the sorbed water is not enough
for GO, to be as conductive as RGO.

Table 3 shows the effective conductivity of the additional sorbed
water, as calculated by using Eq. (16). It is higher than the con-
ductivity of ordinary water or an aqueous solution of 15 vol% hy-
drochloric acid [16] by numerous orders of magnitude. This



414 X. Hong et al. / Carbon 119 (2017) 403—418

Table 3

Conductivity of the GO, paper (this work), GO1g [13] and additional sorbed water
(this work). The conductivity of the additional sorbed water is the effective con-
ductivity calculated by using Eq. (16).

Frequency (Hz) GO, paper G045 (1076 S/m) [13] Water (S/m)

(with air included) (S/m)

2000000 0.8086 + 0.0051 4775 + 94 15.51 £ 0.10
1500000 0.7632 + 0.0049 3762 + 76 14.65 + 0.09
1000000 0.7430 + 0.0043 2610 + 53 14.28 + 0.08
500000 0.7004 + 0.0039 1372 + 28 13.47 + 0.07
200000 0.6633 + 0.0035 665.7 + 13.5 12.77 £ 0.07
100000 0.6467 + 0.0033 361.2+73 12.45 + 0.06
50000 0.6283 + 0.0031 209.3 + 4.2 12.10 + 0.06
20000 0.5937 + 0.0028 979 +2.0 11.43 + 0.05
10000 0.5439 + 0.0024 576+ 1.2 10.47 + 0.05
5000 0.4888 + 0.0020 37.7+0.8 941 + 0.04
2000 0.4269 + 0.0015 24.0 + 0.5 8.22 +0.03
1000 0.3667 + 0.0012 182+ 04 7.06 + 0.02
500 0.3415 + 0.0010 144+ 03 6.58 + 0.02
200 0.3131 + 0.0009 111+ 02 6.03 + 0.02
100 0.2915 + 0.0008 92+02 5.62 +0.01
50 0.2627 + 0.0006 6.7 £ 0.1 5.06 + 0.01

effective conductivity increases with increasing frequency. It is
attributed to a type of interaction between the sorbed water mol-
ecules and the functional groups of the GO, such that the interac-
tion intensifies with increasing frequency. This interaction may
relate to the interaction (presently unclear) that is responsible for
the large negative values of the calculated effective relative
dielectric constant (real part) of the additional sorbed water in
Table 2. However, the inadequacy of the Rule of Mixtures may have
contributed to causing these extraordinary values of the effective
conductivity.

Fig. 9(b) shows that the interfacial resistivity for the interface of
the non-air part with the electrical contact is lower for GO, than
GO;g. This is inconsistent with the previous report (based on
impedance spectroscopy) that the interfacial impedance increases
with increasing humidity [1]. This inconsistency is attributed to the
issue with impedance spectroscopy, as explained in Sec. 1. The
finding of this work means that the presence of additional sorbed
water in the GOy, paper improves the quality of the electrical
contact. Furthermore, the interfacial resistivity decreases with
increasing frequency, such that the decrease is more precipitous for
GO1g than GOyy. This reflects that sorbed water remains quite
conductive as the frequency increases.

At any of the frequencies studied, the interfacial resistivity is
much higher for GOy, than RGO [14] (Fig. 9(b) and Table 4).
This reflects the lower conductivity of GO, compared to RGO.
This also suggests that, in spite of the ionic conductivity of the
water, the presence of water at the interface of the electrical
contact with GOy, is not enough for decreasing the interfacial

Table 4

Comparison of the electrical and dielectric properties of GOqg [13], GO43 (this work)
and RGO [14]. The properties are all for the non-air part of the corresponding paper.
Each entry gives the range of values from the value at 50 Hz (first value shown in the
range) to the value at 2 MHz (second value shown in the range). ¢, = through-
thickness conductivity; ¢;= in-plane conductivity; p; = interfacial resistivity;
C. = specific interfacial capacitance.

GOy5 [13] GOy, (this work) RGO [14]
o, (S/m) 6.7 x 10°5-4.8 x 10> 0.35-1.09 1.17-1.61
o)(S/m)  0.081-2.35 13.7-35.0 22.1-114.0
aylo. 12135492 38.8-32.1 18.96—70.87
K’ 914.6-91.2 1504—47 1128-206
—K" 24 x 10°-4.3 x 10" 1.3 x 10°-9.8 x 10° 4.2 x 105-1.4 x 10*

pi (Qcm?) 1.5 x 10°-1.0 x 10?
C. (LF/m?) 18.33-1.11
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Fig. 10. The negative of the imaginary part of the relative dielectric constant vs. the
frequency for the non-air part of the GO13/GO42/RGO paper. The results for the GO1g
paper is not as reliable, due to the relatively low conductivity of this material and the
use of Eq. (24).

resistivity to the level of RGO. This in turn suggests the important
role of electronic conduction (as opposed to ionic conduction) in
GO22.)

Fig. 9(c) shows that the ratio of the through-thickness conduc-
tivity of the non-air part of the GO, paper to that of the GO1g paper
decreases with increasing frequency. The highest value of this ratio
is 40,000 (which occurs at the lowest frequency of 50 Hz), indi-
cating that the through-thickness conductivity is much higher for
the GOy, paper than the GOqg paper, as expected. At frequencies
above 1 MHz, the ratio is about 200. These results mean that the
effect of sorbed water on the conductivity decreases with
increasing frequency.

Fig. 10 shows that the negative of the imaginary part of the
relative dielectric constant is higher for the non-air part of the GO2;
paper than that of the GOqg paper, as expected due to the higher
conductivity of the GOy, paper. The value decreases with increasing
frequency (as expected from Eq. (23)), such that the decrease is
more precipitous for the GO2; paper than the GO;g paper. In Fig. 10,
the values are reliable for the GO, paper. However, due to the
relatively low conductivity of the GO4g paper, the values are not
reliable for the GO1g paper.

For the GO, the value of the negative of the imaginary part of
the relative dielectric constant ranges from 10* to 108, The values in
this range are high compared to a previously reported value of
essentially zero when an insulating film is used during the mea-
surement [9] and a previously reported value ranging from 10 to
10® when an insulating film is not used [9]. A discussion of the is-
sues with the previously reported values is in Sec. 1.2.

At any of the frequencies studied, the negative of the imaginary
part of the relative dielectric constant is lower for GO, than RGO
(Fig. 10). This reflects the lower conductivity of the former
(Fig. 9(a)).

Fig. 11(a) shows that the dielectric loss angle ¢ is higher for the
non-air part of the GOy, paper than that of the GO1g paper, as ex-
pected, due to the higher conductivity of the former. For the GO,
paper, the angle is essentially at the maximum value of 90° for all
frequencies. For the GOig paper, the angle decreases with
increasing frequency, as expected from Eq. (25). However, due to
the relatively low conductivity of the GO1g paper, the values for the
loss angle are not reliable for the GOg paper.

The dielectric loss angle is close at low frequencies (<50 kHz) for
GOy and RGO, but it is higher for GOy, than RGO at high fre-
quencies (>50 kHz) (Fig. 11(b)). The tangent of this angle relates to
the ratio of the conductivity to the relative dielectric constant (real
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Fig. 11. The dielectric loss angle ¢ vs. the frequency for the non-air part of the GOyg/
GO42/RGO paper. The results for the GOqg paper is not as reliable, due to the relatively
low conductivity of this material and the use of Eq. (24). (a) All three materials shown
using a coarse vertical scale, with the data for GO,, and RGO overlapping. (b) Only
GO, and RGO shown, using a fine vertical scale.

part) (Eq. (24)). This difference between GO, and RGO in the high-
frequency regime is consistent with the fact that both the con-
ductivity and the relative dielectric constant (real part) are lower
for GO, compared to RGO.

3.4. In-plane electrical conductivity

Fig. 12(a) shows the in-plane conductivity of the non-air part of
the GOy, paper of three different thicknesses. Fig. 12(b) shows that,
at any of the frequencies studied, RGO exhibits higher in-plane
conductivity than GOy, which in turn exhibits much higher in-
plane conductivity than GOg. The high in-plane conductivity of
GOy, compared to GO4g [13] is expected, due to the conductivity of
the additional sorbed water in GO,,. The fact that the in-plane
conductivity is higher for RGO than GO; indicates that the con-
ductivity of the sorbed water is not enough for GO, to be as
conductive as RGO. Such difference between RGO and GOy, simi-
larly applies to the through-thickness conductivity (Fig. 9(a)).

The in-plane conductivity of the GO2, paper decreases slightly
with increasing thickness, due to the expected increase in the de-
gree of preferred orientation of the carbon layers with decreasing
thickness. The trend is the same for the GOqg paper [13], but the
effect of the thickness is smaller for the GO1g paper than the GOy,
paper. The more severe dependence on the thickness for the GO,

paper is probably due to the additional sorbed water inhibiting the
preferred orientation of the carbon layers.

Fig. 12(c) shows that the ratio of the in-plane conductivity of
GO to that of GO1g decreases with increasing frequency, with the
highest value of 170 occurring at the lowest frequency of 50 Hz. The
ratio is much smaller than the corresponding ratio for the through-
thickness conductivity (Fig. 9(c)). This indicates that the additional
sorbed water influences the through-thickness conductivity much
more than the in-plane conductivity.

At any of the frequencies (50 Hz—2 MHz), the in-plane con-
ductivity of GO»; is lower than that of RGO (13.7—35.0 S/m for GO55,
compared to 22.1—-114 S/m for RGO) (Table 4, Fig. 12(b)).

The ratio of the in-plane conductivity of GO2; to RGO (both
being the non-air part) is less than 1 for all the frequencies, such
that it increases with increasing frequency at frequencies up to
50 kHz and decreases precipitously above 50 kHz (Fig. 12(d)). The
in-plane conductivity increases with increasing frequency for
both GO,, and RGO [14], but the increase is more significant for
the former in the low frequency regime. This is probably due to
the difference in defects and sorbed water content between GO,
and RGO. The defects and sorbed water interfere the electron
excursion in a cycle, and the excursion decreases as the fre-
quency increases. The increase of this ratio with increasing fre-
quency up to 50 kHz is attributed to the more significant increase
of the conductivity with increasing frequency for GO, than RGO
[14]. The precipitous decrease of the ratio above 50 kHz is
attributed to the abrupt increase in the conductivity of RGO at
high frequencies [14].

3.5. Conductivity anisotropy

Fig. 13 shows that the ratio of the in-plane conductivity to the
through-thickness conductivity is lower for the GO, paper than
the GO1g paper. In other words, the GO1g paper is more anisotropic
than the GO, paper. This is expected, due to fact that the anisot-
ropy is mainly derived from the carbon layers rather than the sor-
bed water, which may hinder the preferred orientation. The degree
of anisotropy decreases with increasing frequency for the GOqg
paper, but is relatively independent of the frequency for the GOy,
paper.

The ratio of the in-plane conductivity to through-thickness
conductivity is comparable for GO,; and RGO (Fig. 13). The ratio
is higher for GO,; than RGO at up to 0.5 MHz and is lower for GOy,
than RGO above 0.5 MHz. This means that GO,; is more anisotropic
than RGO below 0.5 MHz, but is less anisotropic than RGO above
0.5 MHz. This difference between GO, and RGO is attributed to the
difference in defect and sorbed water contents and the interference
of the defects and sorbed water to the electron excursion.

Fig. 14(a) shows that the interfacial contribution to the
measured capacitance is much larger than the volumetric contri-
bution for all three thicknesses of the GO,,. In contrast, Fig. 14(b)
shows that the interfacial contribution to the measured resistance
is much smaller than the volumetric contribution for all three
thicknesses of the GO2». In both Fig. 14(a) and (b), the larger is the
thickness, the smaller is the interfacial contribution proportion, as
expected. Both the high proportion of the interfacial capacitance
and the low proportion of the interfacial resistance indicate that the
interface does not influence the measured capacitance or resistance
greatly.

Fig. 15(a) shows that the interfacial capacitance proportion is
higher for GOig than GOy, and is higher for GO, than RGO.
Fig. 15(b) shows that the interfacial resistance proportion is much
lower for GO,, than RGO, and is lower for RGO than GOqg. This
means that the additional sorbed water in GO,; decreases both
interfacial capacitance proportion and interfacial resistance
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Fig.12. (a) The in-plane electrical conductivity of the non-air part vs. the frequency for three thicknesses of the GO,; paper. (b) The in-plane conductivity of the non-air part of the
GO15/GO22/RGO paper at similar thicknesses in the range from 0.100 to 0.114 mm. (c) The ratio of the in-plane conductivity ¢;,co22 of the non-air part of the GO, paper to that g/
co1s of the GOyg paper vs. the frequency. (d) The ratio of the in-plane conductivity /,coz2 of the non-air part of the GO, paper to that ¢/rco of the RGO paper vs. the frequency.

proportion, probably due to the presence of water at the interface.
The RGO gives the lowest interfacial capacitance proportion and
much higher interfacial resistance proportion than GOj;. This
means that the interface for RGO influences the measured capaci-
tance or resistance more than GO,», due to the absence of water at
the interface.
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Fig.13. The ratio of the in-plane conductivity to the through-thickness conductivity vs.
the frequency for the non-air part of the GO,,/GO;3/RGO paper.

4. Conclusions

This paper reports the unexpectedly strong effect of merely 4 wt
% additional sorbed water on the electrical and dielectric properties
of GO containing 18 wt% sorbed water. That the through-thickness
permittivity of GO paper with a higher water content may be
modeled electrically as three components (GO at a lower water
content, additional sorbed water beyond that corresponding to the
lower water content, and air) in parallel is also unexpected, due to
the preferred orientation of the carbon layers in the in-plane
direction.

This paper provides rich information that encompasses volu-
metric and interfacial properties at frequencies ranging from 50 Hz
to 2 MHz and includes the relative dielectric constant, conductivity,
interfacial resistivity and specific interfacial capacitance in the
through-thickness direction, and the in-plane conductivity. The
comprehensiveness and quantitativeness of the information are
above that of the prior work. Moreover, this paper provides a
comparison with the prior work, as necessitated by the differences
in experimental methods. In addition, this paper provides a com-
parison of GO, with RGO in terms of the electrical and dielectric
properties.

The sorbed water contents of GOg (as obtained by heating at
60 °C for 3 h immediately before testing) and GO,, (without this
heating) are 17.9 and 21.8 wt% respectively, corresponding to C/H,0
(total sorbed water) mole ratio of 4.5 and 3.7 respectively, i.e., 44%
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Fig. 14. Ratio of the interfacial contribution to the volumetric contribution for the
through-thickness capacitance/resistance of the non-air part of the GO, paper. Data
for three thicknesses are shown. (a) Contribution to the measured capacitance. (b)
Contribution to the measured resistance.

and 53% of the oxygen atoms correspond to a water molecule,
respectively. The difference in sorbed water content (~3.3 wt%) is
not large. This extra amount of sorbed water that is present in GO,
is in addition to the amount of sorbed water present in GOg. In
spite of its small amount, the additional sorbed water has profound
effects on the electrical and dielectric properties.

Due to the additional sorbed water in GO,, the through-
thickness conductivity is increased by 2—5 orders of magnitude
(depending on the frequency), while the in-plane conductivity is
increased by 1—2 orders. RGO exhibits higher through-thickness or
in-plane conductivity than GO,;, which in turn exhibits much
higher through-thickness or in-plane conductivity than GO1g.

For GO, the ratio of the in-plane conductivity to through-
thickness conductivity is decreased by the additional sorbed wa-
ter by 1-3 orders of magnitude. In other words, the additional
sorbed water increases the conductivity (particularly the through-
thickness conductivity) and decreases the conductivity anisotropy.
The relative dielectric constant (real part) of GO is increased by the
additional sorbed water at low frequencies (<200 Hz), but is
decreased at high frequencies. Thus, the additional sorbed water
enhances the conductivity at any of the frequencies, but enhances
the polarization ability only at low frequencies (<200 Hz).

At high frequencies (>200 Hz), the relative dielectric constant
(real part) is lower for GOy, than GO1g, suggesting that the addi-
tional sorbed water in GOy, contributes to inhibiting the excursion
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Fig. 15. Ratio of the interfacial contribution to the volumetric contribution for the
through-thickness capacitance/resistance of the non-air part of the GO,,/GO1/RGO
paper. The thicknesses are in the range from 0.100 to 0.114 mm for all three materials.
(a) Contribution to the measured capacitance. (b) Contribution to the measured
resistance.

of the electrons in the GO during polarization at frequencies at
which the water molecules are not able to contribute to the po-
larization. The difference in dielectric constant between GO,, and
GO1s decreases with increasing frequency above 1 kHz. The values
are close at frequencies above 0.1 MHz, due to the small distance of
excursion of the electrons at high frequencies and the consequent
reduced inhibiting influence of the additional sorbed water to the
excursion.

The through-thickness relative dielectric constant (real part)
and through-thickness conductivity of GO, are modeled by using
the Rule of Mixtures, with the three constituents (GO1g, additional
sorbed water and air) in parallel electrically in the through-
thickness direction. The model overestimates the relative dielec-
tric constant of GO, at frequencies >200 Hz, due to the fact that
the relative dielectric constant of water at high frequencies is
actually less that the assumed value of 80. The model un-
derestimates at frequencies <100 Hz, probably due to the unac-
counted interaction between the additional sorbed water
molecules and the functional groups on the GO. However, at
100—200 Hz, the model agrees quite well with the measured
values.

The model suggests that the effective relative dielectric constant
and effective conductivity of the additional sorbed water are
extraordinarily high. This in turn suggests considerable interaction
between the sorbed water and the GO. However, the inadequacy of
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the Rule of Mixtures may have contributed to causing these
extraordinary values.

Concerning the specimen-contact interface, the interfacial re-
sistivity is decreased by the additional sorbed water, due to the
ionic conductivity of water. However, the specific interfacial
capacitance is decreased, presumably due to the increased thick-
ness of the water at this interface.

Compared to RGO [14], GO3; exhibits lower conductivity (both
through-thickness and in-plane), higher interfacial resistivity and
higher specific interfacial capacitance, indicating that the sorbed
water in GO»; is not as effective as reduction of the GO to form RGO
for increasing the conductivity and decreasing the interfacial re-
sistivity. The relative dielectric constant (real part) of GO2;3 is higher
than that of RGO at low frequencies, but is lower than that of RGO at
high frequencies.

For GOy», the interfacial contribution to the measured capaci-
tance is much larger than the volumetric contribution, while the
interfacial contribution to the measured resistance is much smaller
than the volumetric contribution. This indicates that the interface
does not influence the measured capacitance or resistance greatly.
The interfacial capacitance proportion is higher for GO1g than GO,
and is higher for GO, than RGO. The interfacial resistance pro-
portion is much lower for GO,; than RGO, and is lower for RGO than
GOss.

This paper also provides clarification of the results of related
prior work [9,11], in addition to providing explanation of the issues
associated with the experimental methods of the prior work. The
issues concern (i) the assumption that the electrical parameters are
independent of the frequency in the analysis used in impedance
spectroscopy [11], (ii) the inappropriate use of an RLC meter to
measure the impedance of a conductive material [9], and (iii) the
inadequate decoupling of the volumetric and interfacial contribu-
tions to the measured capacitance/resistance [9,11]. The values of
the relative dielectric constant (real part) reported here are much
higher than those previously reported based on impedance spec-
troscopy [11]. The values of the relative dielectric constant (imag-
inary part) are much higher than those previously reported based
on an inappropriate use of an RLC meter [9].
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