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Graphite oxide (GO) paper is a polarizable electrical conductor in the through-thickness direction, as
shown by alternating-current electrical testing performed with decoupling of the volumetric and
interfacial contributions. The solid part (69 vol%) of the dark brown paper (112—358 um thick) exhibits
carbon/oxygen atomic ratio 2.0, and interlayer spacing 8.60 A. At 50 Hz and 2 MHz respectively, the in-
plane conductivity is 0.07 and 2.5 S/m, the through-thickness conductivity is 6.7 x 107% and 4.8 x 1073 S/
m, the through-thickness relative dielectric constant is 915 and 91, the specific capacitance of the
interface with an electrical contact is 18.3 and 1.1 pF/m? and the areal resistivity of this interface is
1.5 x 10° and 1.0 x 10? Q cm?. The conductivity is due to slightly incomplete intercalation (but without
residual graphite), as shown by a weak X-ray diffraction peak at interlayer spacing 4.33 A. The interface
contributes, but the volumetric capacitance/resistance dominates. The decrease of x with increasing
frequency (50—200 Hz) is attributed to the functional-group-related dipole friction. The increase of the
through-thickness conductivity with increasing frequency is attributed to the decreasing excursion of the

charge carriers and the consequent decrease in the chance of the carriers to encounter interfaces.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Electrical conduction involves the movement of charge carriers
in response to an applied electric field. It is needed for numerous
devices, including microelectronics, electrochemical devices
(including batteries, supercapacitors and electrochemical gas sen-
sors), pacemakers, etc., and is commonly provided by metals that
are high in the electrical conductivity. Electric polarization pertains
to the dielectric behavior and involves the separation of the positive
and negative charge centers in a material in response to an applied
electric field. Polarization is needed for dielectric capacitors,
ferroelectric memories, piezoelectric devices (sensors, actuators,
energy harvesters, etc.), electrostrictive devices, pyroelectric de-
vices, and electrorheological fluids, and is commonly provided by
ceramics and, to a lesser degree, polymers. Due to its high con-
ductivity, metals are not polarizable. Due to their low electrical
conductivity, ceramics and polymers are typically inadequate
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electrical conductors.

Polarizable electrical conductors are conductors that are inter-
mediate in the conductivity, so that they can provide both electrical
conduction and polarization. Such a combination of dielectric and
conduction behavior is valuable for electromagnetic interference
(EMI) shielding [1], the mechanisms of which can involve the
interaction of the electromagnetic radiation with the charge car-
riers as well as the interaction of the radiation with the electric
dipoles in the material. Polarizable electrical conductors are also
valuable as optoelectronic materials, as needed for electrical-to-
optical and optical-to-electrical transducers, solar cells, photo-
transistors and integrated optical circuits. Furthermore, polarizable
electrical conductors can be valuable as catalysts, since the catalysis
can involve both conduction and dielectric mechanisms.

Carbon in the form of graphite is an electrical conductor, due to
the sp? hybridization and the in-plane delocalization of its 2p,
electrons [2]. In contrast, carbon in the form of diamond is an
electrical insulator, due to the sp> hybridization and the covalent
bonding. Thus, a suitable combination of sp? and sp> hybridization
in modified carbons can provide a route for obtaining polarizable
electrical conductors.
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In graphite oxide (abbreviated GO and also known as graphitic
acid), the covalent bonding stems from the presence of conjugated
double bonds within the carbon planes. The layer planes assume a
wavy form because of the change of the carbon bonding from the
trigonal (sp?) form to the tetrahedral (sp*) form. Thus, GO is much
less conductive than graphite, with an electrical conductivity that
depends on the oxygen content. The GO retains the layer structure
of graphite, but it has a much larger and less regular interplanar
spacing.

Due to the relatively easy separation of the somewhat puckered
topography of its atomic layers, GO can be easily exfoliated through
dispersion in water, thereby forming stacks (flakes) with about 10
carbon layers or less per stack. Such stacks are also known as gra-
phene oxide. As the chemical reduction of GO forms graphite, the
dispersed GO is a widely used precursor for graphene [3,4]. Upon
drying the GO dispersion, GO is obtained, either in particulate or
paper form. The paper form refers to the sheet obtained after set-
tlement of the GO at the bottom of the dispersion. The particulate
form is attractive for use as a filler in composite materials, whereas
the paper form is attractive for direct use. This work is focused on
the paper form and does not address GO composites. Applications
of GO include catalysis, sensor, supercapacitors, water purification,
hydrogen storage and magnetic shielding, etc. [5—8].

The dielectric behavior of a material is mainly described by the
relative dielectric constant (i.e., the relative permittivity), which
relates to the volumetric capacitance and to the polarizability of the
material. It is also described by the areal capacitance of the inter-
face between the material and an electrical contact, which is
necessarily involved in both research and application. In particular,
the application as an electrode involves the making of an electrical
contact to the electrode. The electrical conduction behavior of a
material is mainly described by the electrical conductivity, which
relates to the volumetric electrical resistance. It is also described by
the areal resistance of the interface between the material and an
electrical contact. All of the four quantities mentioned above tend
to depend on the frequency. In spite of the relevance of the
dielectric and electrical conduction behavior and the associated
frequency dependence to supercapacitor applications [9], such
behavior of GO has received little previous attention. Although the
volumetric quantities have been reported, the areal quantities
associated with the interface have not been previously reported.
Furthermore, the relative dielectric constant that has been previ-
ously reported in the through-thickness direction of GO paper was
determined by assuming that the interface contribution is negli-
gible [10]; as a consequence, the accuracy of the reported relative
dielectric constant is questionable. Although limited values of the
electrical conductivity have been previously reported, the values
reflect differences in the measurement method (which governs
whether the volumetric and interfacial contributions are decoupled
or not) and the measurement direction (i.e., the in-plane or
through-thickness direction of the GO paper), and a clear picture
cannot be obtained regarding the volumetric and interfacial con-
tributions for either direction of measurement [11—14]. In partic-
ular, prior work on the measurement of the through-thickness
conductivity and dielectric constant of GO paper used the two-
probe method, so that the measured resistance includes the con-
tact resistance and the measured capacitance includes the contact
capacitance. As the specimen and the electrical contacts are elec-
trically in series, this results in under-estimation of both the con-
ductivity and the relative dielectric constant [12,14]. Since the
contribution by the electrical contacts can be significant, the extent
of under-estimation can be large.

Due to the fact that GO paper is not 100% dense, the dielectric
and electrical conduction properties of the solid part of a GO paper
(i.e., with the air excluded) must be distinguished from those of the

overall paper (with the air included). The decoupling of the solid
and air contributions was not made in previous work [ 10—14]. This
decoupling is necessary for determining the properties of the GO
solid in the paper.

This work is aimed at providing detailed information on the
dielectric and electrical conduction behavior of GO paper, with
emphasis on the behavior in the through-thickness direction. The
approach is special in that it involves (i) decoupling the volumetric
and interfacial contributions, with the interface being that between
the GO paper and an electrical contact, (ii) decoupling the GO solid
and air contributions, and (iii) studying the frequency dependence.
The study has resulted in the discovery that GO is a polarizable
electrical conductor in the through-thickness direction.

X-ray diffraction (XRD) is a basic technique for analyzing the
structure of GO. According to the XRD results, three types of GO
have been reported in prior work. Type I has the main XRD peak at
26 ranging from 11 to 16° (CuKe radiation), with no graphite 002
peak [15—18]. Type II has the same main peak and, in addition, a
weak peak at 26 ranging from 18 to 21°, with no graphite 002 peak
[19—23]. Type III has the same main peak, and, in addition, a weak
graphite 002 peak at 26° [24,25]. The interpretation of the XRD
results indicates that Type I is pure GO, Type II is GO with incom-
plete intercalation but no residual graphite, and Type III is GO with
residual graphite. This work addresses Type II. The comparison of
the electrical behavior of the three types of GO is beyond the scope
of this work.

2. Experimental methods

The approach used for achieving the decoupling mentioned in
Sec. 1 involves (i) measuring the through-thickness resistance and
capacitance of the GO paper (for determining the quantities per-
taining to the GO solid), and (ii) conducting the measurement for
three GO paper thicknesses, thereby decoupling volumetric and
cotmpact-contact interfacial quantities. The approach is the same
as that of the prior work of two of the authors [26,27]. The prior
work concerns graphite or carbon materials, such as exfoliated
graphite [28], graphite nanoplatelet, carbon black and activated
carbon. Please refer to the prior work [27] for the details of the
testing set-up.

2.1. Materials

The graphite raw material for preparing 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 [29]. This method involves (i)
putting 22.50 g of 98% sulfuric acid (H,SO4) and 0.500 g of sodium
nitrate (NaNOs3) 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 mag-
netic stirring for 30 min, while the beaker remains cooled, (iii)
slowly adding 3.000 g potassium permanganate (KMnOg4), 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 efferves-
cence, 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 (H,03) and 53.00 ml of deionized water in order
to reduce the residual potassium permanganate and manganese
dioxide (MnO;) to form soluble manganese sulfate (MnSQOg4), with
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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 [13]), 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
(c)), (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. In order to remove moisture, the specimens are
heated at 60 °C for 3 h immediately prior to electrical testing.

2.2. Electrical characterization methods

This work uses a technique which differs greatly from the
widely used technique of electrochemical impedance spectroscopy
(EIS). Firstly, it does not measure the impedance, but measures the
relative permittivity (real part of the permittivity) and the con-
ductivity (real part of the conductivity). Secondly, in relation to
both permittivity and conductivity measurements, the technique of
this work decouples the contribution of the specimen-contact
interface from the contribution of the volume of the specimen.
Thirdly, the technique of this work uses an equivalent circuit model
(Fig. 1) that reflects the testing configuration, which entails two
electrical contacts sandwiching the specimen (thus the contacts
and the specimen are electrically in series), with each element in
the configuration being modeled as a resistance and a capacitance
in parallel. Furthermore, the circuit model reflects the material
structure, which consists of carbon and air, which are assumed to
be in parallel electrically. Fourthly, the technique of this work does
not emphasize the frequency dependence of the permittivity or
conductivity. In contrast, EIS emphasizes the frequency depen-
dence of the impedance, as conventionally described in terms of
the Nyquist plot, for the purpose of deriving by mathematical
fitting of the plot an equivalent electrical circuit that describes the
electrical/dielectric behavior of the material. Furthermore, EIS does
not provide the abovementioned decoupling, so the obtained
electrical parameters as well as their frequency dependence may be
flawed. In addition, EIS involves a different testing configuration,
which entails two electrodes (an anode and a cathode) separated by
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Fig. 1. Equivalent circuit model for the through-thickness electrical behavior of GO
paper. The contact refers to the interface between the paper and an electrical contact.

an electrolyte, i.e., the configuration of an electrochemical cell.
Thus, the technique of this work provides different information
from EIS. The technique of this work allows investigation in the
material level, whereas EIS allows investigation in the electro-
chemical cell level.

In the technique of this work, the measurement of the real part
of the relative permittivity is made possible by the presence of an
electrically insulating polymer film at the interface between the
specimen and each of the two copper electrical contacts and the
performance of the measurement at three specimen thicknesses
(along with the data analysis that concerns the slope of the plot of
the reciprocal of the capacitance vs. the thickness) so as to decouple
the contribution of the specimen-contact interface (with the con-
tact including the film) from the contribution of the volume of the
specimen. Due to the conductivity of the specimen, the presence of
the film is important for ensuring that the real part of the
permittivity is measured. On the other hand, the film is absent for
the measurement of the conductivity. Similar conductivity mea-
surement conducted at three specimen thicknesses enables the
decoupling of the contribution of the specimen-contact interface
from the contribution of the volume of the specimen.

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 are 0.112 + 0.003 mm,
0.244 + 0.003 mm, and 0.358 + 0.003 mm, correspond to specimen
masses of 68.28 + 0.01 mg, 148.22 + 0.01 g and 216.69 + 0.01 mg,
respectively.

Each specimen for 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 re-
gions 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. All four contacts
are made with silver paint in conjunction with copper wires.

Please refer to our prior work [27] for the details in the through-
thickness testing set-up. The only difference in the set-up from the
prior work is that no frame is used in this work for holding the
specimen, which is in the form of a standalone film and does not
need a holder. The prior work [26,27] used a frame to hold the
specimen, as necessitated by the fact that the specimen was in
particle form. The specimen area is 20 x 20 mm in both this work
and the prior work.

Fig. 1 shows the equivalent circuit used in this work for
modeling the through-thickness conduction and dielectric
behavior. In this circuit, carbon (the GO solid in the paper) and air
(the pores in the GO paper) are electrically in parallel and this
parallel combination is in series with both electrical contacts,
which are in contact with the two opposite surfaces of the GO
paper, thereby sandwiching the paper. All the quantities shown in
the model are decoupled and determined using the method of prior
work [26,27].

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
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
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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 paper (thickness 75 um) between the
paper and each electrical contact and the resistance is measured
without this insulating paper [26,27]. The use of the electrically
insulating paper in case of capacitance measurement is for the
purpose of minimizing the through-thickness current, thereby
determining essentially the real part of the relative dielectric con-
stant. 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 the 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 the solid part of the paper and the air contribution is
performed by using the Rule of Mixtures, with solid and air
modeled as being electrically in parallel (Fig. 1) [27].

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

1/C=2/C +1/G,. (1)

The factor of 2 in Eq. (1) is due to the presence of two interfaces
on the two sides of the paper. Due to Eq. (1), G is less influential
when it is large. The C, is given by

C, = eokA/l, 2)

where ¢ is the permittivity of free space (8.85 x 10 ~12 F/m), x 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 «’ of the relative dielectric constant.

Due to Egs. (1) and (2), 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). The specific
interfacial capacitance of the overall paper is the product of C; and
A; that of the RGO in the paper is the product of C; and the part of A
that is occupied by the RGO (rather than air). The fraction of A that
is occupied relates to the porosity of the paper and is taken as the
volume fraction of solid in the paper.

The measured resistance R between the two copper contacts
that sandwich the paper includes the through-thickness volume
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;. (3)

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 I. The
through-thickness paper resistivity is obtained by multiplying R,/!
by the specimen area A. The paper conductivity is the inverse of the
paper resistivity. The areal resistivity of the interface between the
paper and an electrical contact equals the product of R; and A; that
of the interface between the RGO in the paper and an electrical
contact equals the product of R; and the part of A that is occupied by
the RGO (rather than air).

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? [30], the solid content in the GO paper is
found to be (69.03 + 0.25) vol%. The GO paper is highly flexible.

The elemental composition of the paper, as determined by en-
ergy dispersive x-ray spectroscopy in conjunction with scanning
electron microscopy, is shown in Table 1. The carbon/oxygen atomic
ratio is 1.95 + 0.23. This ratio, and the atomic concentrations of C
and O are all close to those of prior work on GO [31]. The minor
amount of sulfur (2.43 + 0.40 at.%) is attributed to the sulfuric acid
used in the GO preparation.

The diffraction pattern of graphite powder gives the 002
graphite diffraction peak at 26 = 26.44° that corresponds to an
interlayer spacing of 3.38 A (Fig. 2(a)). XRD of the GO paper
(Fig. 2(b)) shows the main peak at 26 = 10.28°. This corresponds to
an interlayer spacing of 8.60 A. The amount of adsorbed moisture
affects the interlayer spacing of GO [32], so there is variability in the
interlayer spacing among different published works. In addition,
Fig. 2(b) shows a weak broad peak at 20.5° corresponding to an
interlayer spacing of 4.33 A. 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 [19].
However, the absence of a graphite 002 peak in Fig. 2(b) indicates
the absence of residual graphite.

Fig. 2(c) shows the Raman spectrum of the GO paper after
vacuum drying at 60 °C for 24 h. The G and D peaks are comparable
in intensity and are both quite broad, with the G peak narrower
than the D peak. The area ratio of D-band intensity to G-band in-
tensity of the GO paper is 1.004 + 0.003. These features are similar
to those of prior work [33].

Fig. 2(d) shows the Fourier-transform infrared reflection (FTIR)
spectrum of the GO paper after vacuum drying at 60 °C for 24 h. The
spectrometer is Nicolet 6700, Thermo Electron Corporation. The
spectrum is similar to that of prior work on GO [20]. The overlapped
bands in the 3700-2300 cm™~! correspond to the stretching vibra-
tions of structural OH groups and water molecules. The broad OH
bands of the spectrum may partly come from the high and strongly
bound humidity content of GO [34]. The next peak around
1716 cm™! corresponds to the C=0 stretching of COOH groups
located at the edges of the oxidized graphite [35]. The peak situated
at 1574 cm ™! relates to the HOH bending vibrations of water [34].
The peaks at around 1150 cm™’, 1034 cm~! and 863 cm™! corre-
spond to different motions of the oxygenated groups (C—O
stretching, C—O—H bending, C—O0—C symmetric and asymmetric
stretching) [34—36].

Scanning electron microscopy shows that the cross-sectional
plane of the GO paper is lamellar in microstructure. The lamellar
structure is in the form of corrugated sheets that are preferably
oriented parallel to the plane of the paper. Transmission electron
microscopy shows that the thickness of the exfoliated GO particles
obtained after drying the GO dispersion is 0.01 um or less. With the
interlayer spacing of 8.60 A, this thickness corresponds to the

Table 1
The elemental composition of GO, as determined by x-ray energy-dispersive
spectroscopy.

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

0 38.26 + 2.81 33.04 +2.49

S 5.65 + 0.92 2.43 + 0.40
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Fig. 2. X-ray diffraction (XRD) and Fourier-transform infrared (FTIR) spectroscopy results. (a) XRD pattern of graphite powder. (b) XRD pattern of GO paper. (c) Raman spectrum of

GO paper. (d) FTIR spectrum of GO paper.

presence of <12 carbon layers in an exfoliated GO particle.

Fig. 3 shows representative plots of the resistance vs. paper
thickness and of the reciprocal of the capacitance vs. paper thick-
ness respectively. The strong linearity of all the plots in Fig. 3 is
consistent with Egs. (1) and (3) and supports the validity of this
work's approach for decoupling of the volumetric and interfacial
contributions.

3.2. Electrical testing results of the GO paper

Fig. 4(a) and (b) show that the through-thickness relative
dielectric constant. The highest value is 632 and 915 for the GO
paper (with air included) and the solid part of the paper (with air
excluded), respectively, both obtained at the lowest frequency of
50 Hz (Fig. 4(a)). At the highest frequency (2 MHz) studied, the solid
part of the paper exhibits relative dielectric constant 91 only
(Fig. 4(b)). These values are all high and are attributed to the
functional groups, which result from the oxidation of the graphite
and are known to be abundant for GO. The functional groups on GO
include epoxy bridges and pairwise carboxyl groups [37], the co-
ordinated chemical structures of which hinder the movement of
the functional groups. The values are comparable to those of
exfoliated graphite that has not been washed by water to remove
the residual acidity [26] and are much higher than those of exfo-
liated graphite that has been washed [27].

The through-thickness relative dielectric constant decreases

with increasing frequency, as expected. The decrease is particularly
abrupt in the low frequency regime from 50 Hz to 10 kHz. Above
10 kHz, the relative dielectric constant essentially levels off (at a
value around 100 for the GO solid) up to the highest frequency of
2 MHz. The trend is the same for both the overall paper (with air
included) and the solid part of the paper (with air excluded). This
trend is attributed to the dipole friction associated with the
abovementioned functional groups on the GO.

Fig. 4(c) shows that the specific contact capacitance of the
paper-contact interface decreases with increasing frequency, with
the decrease occurring mainly in the low frequency range up to
10 kHz. The values range from 18.3 pF/m? at the lowest frequency of
50 Hz to 1.11 pF/m? at the highest frequency of 2 MHz. These values
are higher than those of natural graphite, carbon black and exfoli-
ated graphite [27]. In view of Eq. (1), this means that the interface
for GO does not influence the measured capacitance as much as the
corresponding interface for these other carbons. Nevertheless, the
interface for GO still contributes substantially to the measured
capacitance, as quantified below.

Fig. 5(a) shows that the through-thickness AC conductivity of
the GO paper increases with increasing frequency, such that the
increase is more significant at frequencies above 10 kHz than fre-
quencies below 10 kHz. The conductivity ranges from 6.7 x 1076 S/
m at the lowest frequency of 50 Hz to 4.8 x 10~ S/m at the highest
frequency of 2 MHz. These values are lower than those of con-
ventional carbon fibers by 11 orders of magnitude [38]. They are
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Fig. 3. (a—b) Plot of 1/C (where C is the measured capacitance) vs. the GO paper thickness (three different thicknesses) for the determination of the through-thickness relative
dielectric constant. The error bars are shown, though they are too short to be clearly shown in (b). (a) 50 Hz. (b) 2 MHz. (c—d) Plot of the measured through-thickness resistance R vs.
the specimen thickness for GO paper of three different thicknesses. The error bars are shown, though they are too short to be shown clearly. (c) 50 Hz. (d) 2 MHz.

also lower than those of exfoliated graphite or carbon black by 7
orders of magnitude [27]. Nevertheless, the conductivity is higher
than those of insulators by at least several orders of magnitude, due
to the sulfur-containing and oxygen-containing functional groups
(Table 1 and Fig. 1).

The abovementioned frequency dependence of the through-
thickness conductivity is attributed to the decreasing excursion of
the charge carriers in a cycle as the frequency increases and the
consequent decrease in the chance of the carriers to encounter an
interface, such as the interface between adjacent exfoliated GO
particles or flakes (with each particle or flake being essentially a
stack of a few carbon layers). Since the relevant conductivity is in
the through-thickness direction of the GO paper, there are
numerous inter-particle interfaces along the thickness of the paper
and the carriers can encounter these interfaces as they move in
response to the applied electric field. Due to the relatively high
resistance at each of these interfaces, the less that the carriers
encounter interfaces, the greater is the conductivity.

Fig. 5(b) shows the areal resistivity of the interface between the
GO paper and an electrical contact. This resistivity decreases with
increasing frequency, such that the decrease is more significant
above 10 kHz. In general, the resistivity of an interface tends to be
lower when the materials of the proximate surfaces that come
together to form this interface are more conductive. Therefore, the
trend of the interfacial resistivity in Fig. 5(b) is consistent with the
trend of the volumetric conductivity in Fig. 5(a). The interfacial

resistivity of the solid part of the paper ranges from 1.5 x 10° Q cm?
at the lowest frequency of 50 Hz—1 x 10% Q cm? at the highest
frequency of 2 MHz. These values may be acceptably low for elec-
trochemical applications, though the acceptability depends on the
specific dimensions, which strongly affect the capacitance. None-
theless, these values suggest that the interfacial resistance cannot
be ignored.

Fig. 6(a) shows that, for the paper dimensions of this work, C; is
higher than C, by a factor of 2—3, meaning that the interfacial
capacitance contributes substantially to the measured capacitance,
though the volumetric capacitance dominates. The ratio of G;—C, is
essentially independent of the frequency. The greater is the thick-
ness, the higher is the ratio. This is because a greater thickness is
associated with a lower volumetric capacitance.

Fig. 6(b) shows that, for the paper dimensions of this work, the
ratio of R; to Ry is below 0.35, meaning that R; contributes to the
measured resistance, though R, dominates. The ratio is quite in-
dependent of the frequency up to 10 kHz. The smaller is the
thickness, the greater is the ratio. This is because a smaller thick-
ness is associated with a lower through-thickness volumetric
resistance.

Prior work reported a through-thickness conductivity of 1076 §/
m and a through-thickness relative dielectric constant of 3 at
100 Hz and 30 °C for a GO paper of thickness 3 pm [14]. In contrast,
by decoupling the volumetric and interfacial contributions, this
work obtains a conductivity of 9 x 10~® S/m and a relative dielectric
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Fig. 4. (a) Plot of the through-thickness relative dielectric constant « of the GO paper
vs. the frequency. (a) The overall GO paper (with air included). (b) The solid part of the
GO paper (with air excluded). (c) Plots of the through-thickness specific contact
capacitance C. between the solid part of the GO paper and the electrical contact vs. the
frequency.

constant of 770 at 100 Hz and room temperature. The difference
between the results of this work and those of prior work [14] is
attributed to (i) the fact that the prior work uses the two-probe
method and does not decouple the volumetric and interfacial
contributions and (ii) the fact that the GO paper thickness is much
smaller for the prior work (3 um) than this work (221559 um). A
smaller thickness enables a greater degree of preferred orientation
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Fig. 5. (a) Plots of the through-thickness volume electrical conductivity ¢ of the solid
part of the GO paper vs. the frequency. (b) Plots of the interfacial resistivity p; between
the solid part of the GO paper and an electrical contact vs. the frequency.

of the carbon layers in the plane of the paper, thereby decreasing
both the conductivity and the relative dielectric constant in the
through-thickness direction.

The in-plane conductivity (Fig. 7(a)) increases with increasing
frequency and is essentially independent of the thickness for the
range of thickness studied. The increase with increasing frequency
is less severe for the in-plane conductivity than the through-
thickness conductivity (Fig. 5(a)). This is attributed to the differ-
ence in the effect of the interfaces in the material. The interface
effect is small in the in-plane direction compared to that in the
through-thickness direction, as expected from the preferred
orientation of the carbon layers in the plane of the paper.

As shown in Fig. 7(a), the highest in-plane conductivity obtained
for the solid part of the paper is 2.5 S/m. Fig. 7(b) shows that the
ratio of the in-plane conductivity to through-thickness conductiv-
ity decreases with increasing frequency. This means that the degree
of electrical anisotropy decreases with increasing frequency.

The GO has been widely considered to be an electrical insulator.
This work shows that GO is conductive to a degree. Due to the greater
degree of optical transparency of GO compared to graphene, the
conductivity of GO makes this material potentially attractive for use
as a transparent electrical contact material for solar cells and other
optoelectronic devices, though the anticipated transmissivity would
require a very small thickness. Compared to graphene or reduced GO,
GO is more amenable to having their carbon layers separated.
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4. Conclusion

The GO paper (dark brown, with C/O atomic ratio 2.0 and
interlayer spacing 8.6 A) is found in this work to be a polarizable
electrical conductor in the through-thickness direction. With un-
precedented decoupling of the volumetric and interfacial contri-
butions through the testing of paper of various thicknesses, the
through-thickness dielectric and conduction properties have been
determined, including the dependence of these properties on the
frequency ranging from 50 Hz to 2 MHz.

The GO is prepared by using the modified Hummers method. In
addition to the main XRD peak at 10° (interlayer spacing 8.6 A), it
has a weak XRD peak at 20 °C (interlayer spacing 4.3 A), indicating
incomplete intercalation, though there is no graphite 002 peak. The
solid part of the GO paper amounts to 69.03 + 0.25 vol% of the
paper, with thickness ranging from 112 to 358 pm.

The solid part (69 vol%) of the paper exhibits in-plane electrical
conductivity 0.07 and 2.5 S/m at 50 Hz and 2 MHz respectively,
through-thickness conductivity 6.7 x 10~® and 4.8 x 10~2 at 50 Hz
and 2 MHz respectively, through-thickness relative dielectric con-
stant k 915 and 91 at 50 Hz and 2 MHz respectively, specific
capacitance of the interface with an electrical contact 18.3 and
111 pF/m? at 50 Hz and 2 MHz respectively, and areal resistivity of
this interface 1.5 x 10° and 1 x 10> Q cm? at 50 Hz and 2 MHz
respectively. The conductivity is due to slightly incomplete inter-
calation (but without residual graphite).

The significant decrease of k with increasing frequency from 50

3
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Fig. 7. (a) Plot of the in-plane conductivity of the solid part of the GO paper vs. the
frequency, showing the effect of the paper thickness on the conductivity. (b) The ratio
of in-plane conductivity to through-thickness conductivity of the solid part of the GO
paper vs. the frequency. The in-plane values are those of the intermediate thickness of
0.244 + 0.003 mm.

to 200 Hz is attributed to the dipole friction associated with the
functional groups on the GO being sluggish in their response to the
AC applied electric field. The increase of the conductivity with
increasing frequency is attributed to the decreasing excursion of
the charge carriers in a cycle as the frequency increases and the
consequent decrease in the chance of the carriers to encounter an
interface.

For the paper dimensions of this work, ; is 2—3 times of C,, and
the ratio of R; to R is below 0.35. This means that the paper-contact
interface contributes substantially to both the measured capaci-
tance and the measured resistance, though the paper capacitance
and paper resistance (i.e., the volumetric quantities) dominate.
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