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This study demonstrates a facile and effective strategy for modifying the dielectric properties of graphene oxide
membranes for applications in advanced energy storage devices. The high dielectric constant and low dielectric
loss of graphene oxide (GO) make GO-based materials good dielectric separators for developing thin and flexible
devices. Controllable tailoring of the dielectric properties of GO membranes is crucial to advance its applications
as a dielectric material. Metal cation modification represents one tailoring strategy, but the effects of cation
modification are difficult to compare due to its dependence on the metal cation source and the specific physi-
cochemical conditions. In this study, we explore the dielectric properties of GO membranes modified by the
introduction of AI** from different chemical sources. The dielectric constant and dielectric loss of an unmodified
GO membrane and three AI** modified GO (AGO) membranes were measured in the frequency range from 1 Hz
to 10° Hz, and the performance of a dielectric capacitor fabricated by sandwiching the GO (AGO) membrane
between carbon paper electrodes was evaluated by cyclic voltammetry. Results demonstrate that the three
different sources of AI** differently impact the dielectric properties of GO membranes and thus the performance
of as-fabricated dielectric capacitors. Our results advance the fundamental understanding of how metal cation
modification impacts the dielectric properties of GO membranes and demonstrate the possibility of designing

membranes with controllable dielectric performance.

1. Introduction

Unlike graphene, which is a highly conductive semimetal 2D mate-
rial, graphene oxide (GO), which is composed of monolayer graphene
sheets decorated with abundant oxygenated functional groups (OFGs)
on the edge (carboxyl groups) and plane (hydroxyl, carbonyl, and
carboxyl groups), is nonconductive [1,2]. These oxygenated functional
groups not only serve as structural defects that cut off the charge transfer
route between the GO sheet resulting in a high dielectric constant with
low dielectric loss, but also bond the adjacent GO sheets together when
forming GO membranes [3-6]. During membrane formation, the OFGs
serve as the joints connecting the adjacent GO sheets, which not only
guide the lamination process, but also are responsible for the dissem-
bling of the GO sheet in an aqueous environment during vibration or
shearing [1]. The dielectric properties of GO are frequency dependent
and sensitive to any structural changes of the OFGs. In addition, coor-
dination with metal cations and polymer additives also impacts
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dielectric performance [4,6]. The high dielectric constant (order of 109
and low dielectric loss of GO sheets [6-10] make it ideal for application
as a dielectric material in capacitors, supercapacitors, and actuators
[11,12].

It was widely reported that multivalent metal cation (e.g., Na*, Ca%*,
Mg%", Fe*t, or AI*") coordination is very effective in improving the
aqueous stability, ion selectivity, and mechanical strength of GO mem-
branes [13-18]. Generally speaking, high valent metal cations show
superior stability and strength improvements compared to bivalent and
monovalent ones [15-18]. Multivalent metal cations can interact with
GO sheets through stronger dative bonding with OFGs, electrostatic
attraction to negatively charged functional groups, and cation—= in-
teractions with the sp-conjugated structure of the graphene part of GO
sheets. Multivalent metal cations are normally added into the GO in the
form of either metal oxide, salt, or metal. The interaction between the
metal cation and OFGs on the edge and basal plane of GO sheets is highly
dependent on the chemical source used to introduce the metal cations
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[19,20].

Robertson et al. modified graphene oxide sheets by introducing Al
ions from either Al,03, AlCl3, or Al foil into the acidic GO solution prior
to membrane self-assembly [19]. It was experimentally observed that
Al,05 does not significantly react with water to form Al* ions. There-
fore, remaining alumina particles disrupt the lamellar structure and
decrease the GO membrane stability. Conversely, both AlCl; and Al foil
did significantly react with water to form AI*>* ions, which increased
crosslinking between GO sheets. Both AGO (Al foil) and AGO (AICl3)
membranes were more stable in water under mechanical stresses rela-
tive to unmodified GO, with the AGO (Al foil) membrane possessing the
greatest aqueous stability. Introduction of AI*" from these different
aluminum-containing precursors impacted the final structure and sta-
bility of AGO membranes. Since metal cations can bridge GO sheets
through coordination to OFGs and the dielectric properties of GO are
highly dependent on OFGs, it is anticipated that introduction of AI**
from different Al sources will similarly impact the dielectric properties
of GO membranes in unique ways.

In this work, AGO membranes were prepared by dissolving alumina,
aluminum chloride, and aluminum foil into acidic GO solution before
forming laminated GO membranes under ambient conditions. This pre-
coordination process allows metal cations to be coordinated with GO
sheets in the solution and hold these sheets together during the lami-
nation, or so-called self-assembly. The differing chemical preparation
leads to different dielectric properties of the resulting AGO membranes.
To better understand the influence of AI** from different sources on the
dielectric property of the GO membrane, the dielectric constant and
dielectric loss of unmodified GO and three different AGO membranes
were measured in the frequency range of 1 to 106 Hz. In addition, the
electrochemical performance of carbon paper capacitors with GO/AGO
membrane dielectric layers was assessed by cyclic voltammetry
experiments.

13+

2. Experimental

Graphene oxide water dispersions were purchased from Graphenea
(Cambridge, MA). Alumina powder (activated, neutral, Brockmann I),
aluminum chloride hexahydrate (Sigma Aldrich, ReagentPlus, 99 %),
Aluminum (Al) foil (0.024 cm thick, Puratronic, 99.997 % purity, Alfa
Aesar) were used as AI** sources. The AI** ions were incorporated into
the GO membranes by a simple pre-coordination process. Each Al-
containing species was added to the acidic GO solution in equal stoi-
chiometric Al/GO ratio and membranes were subsequently formed via a
self-assembly process at ambient conditions [19]. This method allows
for controllable introduction of Al** to the solution from sources that
react differently in acidic solution before membrane formation. Exper-
imental tests show that further increasing the amount of AI** added can
result in wrinkled surfaces for AGO (Al;03) and surface cracks for AGO
(AICl3) and AGO (Al foil). Previous studies on the AGO (Al foil) showed
that further increasing the amount of AI** does not dramatically impact
dielectric performance of AGO membranes [20]. A dynamic light scat-
tering analyzer (Zetasizer Ultra, Malvern, Worcestershire, UK) was used
to evaluate the surface charge of unmodified and modified GO solutions
(4 mg/mL). Free-standing GO and AGO membranes were prepared
under ambient evaporation drying process (21 °C, humidity of 40-50 %)
in a Teflon evaporating dish [20]. GO and AGO membranes were
sandwiched in between two 1 cm x 1 cm carbon paper electrodes as
spacers in the dielectric capacitor. 0.6 cm wide copper foil tape was used
as the current collector. The dielectric properties of GO and AGO
membranes were studied by Electrochemistry Impedance spectra (EIS)
in the frequencies ranging from 1 Hz to 1 MHz at room temperature with
a CH 600E impedance analyzer [20]. The capacitive performance and
long-term stability of GO and AGO membrane based dielectric capaci-
tors in a potential of +1 V under different scan rates were analyzed by
cyclic voltammetry.
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3. Results and discussion

The frequency dependence of the dielectric constant (DiC) and
dielectric loss (DiL) of GO and AGO membranes in the frequency range
from 1 Hz to 1 MHz are shown in Fig. 1. The DiC and DiL of the fabri-
cated capacitors are estimated based on impedance data (Fig. S1) using
Egs. (1), (2), and (3),

emitic = 22 42 )
T T A2afzE T " A2af |z
€ d-z
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where ¢ is the complex permittivity (F-m™'), Z is the complex impedance
(Ohm), fis the frequency (Hz), A represents the metal foil area (mz), dis
the separation between the plates in meters, ¢, is the relative permit-
tivity or DiC, and ¢ is the vacuum electric permittivity (¢9~8.854 x
1072 F-m™1). Single primes indicate the real component of the
permittivity or impedance and double primes indicate the imaginary
component of each quantity. At the highest measured frequency (1
MHz), both unmodified and AI** modified GO membranes show similar
DiC value of 5 & 0.5 and the DiC increases with decreasing frequency for
all GO based membranes, which is in good agreement with a previous
study [20]. For unmodified GO membranes, the DiC approaches a
maximum value of 240 at 1 Hz. Previous reports have demonstrated that
compressed GO sheets, in which GO nanosheets are randomly packed
and not bonded with each other, have a high DiC value of 10° at 1 Hz
[6]. Vacuum-filtered GO membranes, in which GO nanosheets are
partially bonded with each other during lamination, exhibit DiC values
around 10° [4]. Relative to these materials, the self-assembled GO
membranes in this study have lower DiC, but better integrity and sta-
bility [19]. The DiL of the GO membranes increase from 0.4 at 1 MHz to
a maximum value of 0.9 at 0.1 MHz, then slowly decreases to minimum
value of 0.25 at low frequency.

Among the three AT sources, Al,Os3 is most effective in increasing
the DiC of GO, reaching 5500 at 1 Hz. The DiL increased to 1.0-1.2 in the
frequency range below 0.1 MHz. The higher DiC value means AGO
(Al;03) membrane-based capacitors have the potential to exhibit better
performance than pristine GO membrane-based capacitors, while the
higher DiL value indicates greater energy dissipation. For AGO modified
with AI*" from AlCls, the DiC increases rapidly below 10 kHz up to a
value of 2600 at 1 Hz. AGO (AICls3) has low dielectric loss (0.02) at high
frequency and displays a clear peak (2.1) in the dielectric loss spectrum
at 200 Hz. Therefore, AGO (AICl3) has higher DiC and DiL values than
pristine GO membrane for capacitors in the low frequency range (10 Hz
~ 1 kHz). Among the three AGO, the AGO (Al foil) membrane is the only
one that exhibits a lower DiC than unmodified GO membrane. AGO (Al
foil) also has low dielectric loss (0.05) at high frequency, which in-
creases to a maximum value higher than that of unmodified GO when f
< 100 Hz. Even with the introduction of Al at identical stoichiometric
Al/GO ratios, dielectric modification is highly dependent on the identity
of the AI3* precursor.

Energy dissipation in a dielectric material can occur mainly by
conduction effects, which dominate at very low frequencies, and by
polarization effects, which encompass several mechanisms over many
orders of frequency. Interfacial polarization, related to the interplanar
distance for through-plane GO measurements as in this study, dominates
at low frequency (f < 10 Hz) for dielectrics [21]. The low-frequency
dielectric loss values of all three types of AGO membranes are higher
than that of pristine GO membranes due to the increase in the d-space
after modification [20]. Dipolar polarization refers to the reorientation
of molecular dipoles as the polarization of the electric field changes
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Fig. 1. Frequency dependence of dielectric constant (a) and dielectric loss (b) for GO and AGO membranes.

direction. The dielectric loss peaks around the resonance frequency of
the dipole reorientation [21,22]; this frequency is related to the moment
of inertia of the polar OFGs, and is strongly impacted by coordination
with A1** ions. As observed from our previous physical-chemical prop-
erty study, no obvious structure defects are formed during the AI®*
modification, and AI®" interacts with the GO sheet through cation-r,
coordination, and electrostatic interactions. In this work, the DiL peak
shifts to lower frequency following Al** modification in the order GO >
AGO(Al,03) > AGO (AICl3) > AGO (Al foil). This order reflects an in-
crease in AI*" complexation with the OFGs on the GO sheet previously
determined for AI®* incorporation with these precursors [19]. As the
moment of inertia of the polar OFGs decorated on the edge of the GO
sheet increases, a lower resonance frequency for the dipolar polarization
is observed.

Since the dielectric behavior of GO is highly dependent on the OFGs
decorated on the GO sheet and their interactions, modification of OFGs
on the GO nanosheet is an effective strategy for tuning the electric and
dielectric properties of GO. To this end, we performed zeta potential
measurements, shown in Fig. 2, of the GO and AGO aqueous dispersions
prior to membrane self-assembly. Zeta potential relates to the density of
negatively charged OFGs on the nanosheet surface, and previous work
shows that oxidation level and pH value alter the zeta potential of GO
nanosheets through chemical modification of the surface OFGs [23-25].
Introduction of AI3* cations to the GO dispersions can similarly alter
zeta potential by electrostatic interaction between Al®* and the nega-
tively charged surface OFGs. Fig. 2 shows that GO, AGO (AlCls3), and
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AGO (Al;03) dispersions show similar zeta potential values of —47 mV.
Our previous work showed that the partial reduction of GO with the
addition of AI** from Al metal foil causes a decrease in the number of
carboxylic acid and hydroxyl surface groups [19]. This is further sup-
ported by the change in zeta potential of AGO (Al foil) to —16 mV from
—47 mV for the unmodified GO. This decrease in the magnitude of the
zeta potential additionally supports the greater membrane stability of
AGO (Al foil). In a previous study, we observed that aqueous solutions of
GO, AGO (Al;03), and AGO (AICl3) form homogeneous solutions upon
sonication, while AGO (Al foil) membranes decomposed into flakes
made of large intact pieces of membrane [19]. The low zeta potential is
consistent with this increased propensity for flocculation of AGO (Al
foil). Unlike the Al** modification with Al,03, which does not obviously
impact either pH value or oxidation level, the AI*" modification with
AlCl3 slightly decreases the pH value and increases the oxidation level of
the GO solution [19]. However, no obvious zeta potential change was
observed for the AGO (AICl3) and AGO (Al;03) solutions relative to the
unmodified GO solution.

To explain the effect of AI*" modification from three different
sources on the dielectric performance of GO membrane, Fig. 3 shows a
schematic of the proposed microscopic structure of the GO membranes
studied here. The graphene sheets of GO (gray line) are conductive and
can serve as the electrodes, while OFGs (blue) are not conductive and
can serve as dielectric separators. Adjacent graphene sheets can be
connected through bonded OFGs via hydrogen bonding. Such bonded
GO sheets can be visualized as a sequence of graphene-OFG-graphene

—o0 | [ 25%~75% i

T Range within 1.51QR

— Median Line

=  Mean
=30 + Outliers 7
-40 F .
sl = |

*

_60 1

GO  ALO, AICl, AlFoil

Fig. 2. Zeta potential of GO and AGO dispersions. The zeta potential of AGO (Al foil) is significantly lower in magnitude than the three other membranes. This
decreased zeta potential reflects a lower density of negatively charged surface OFGs and an increased propensity for flocculation of the AGO (Al foil) material.
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Fig. 3. Schematic representation of carbon paper capacitors with GO/AGO dielectric separators.

2D nanocapacitors connected in series and/or parallel. These mem-
branes exhibit a much lower DiC value than both unbonded (pressed)
GO sheet and polymer hybrid GO composites [6-9]. The stacking of GO
sheets in both compressed GO sheets and polymer hybrid GO composites
(Fig. 3a) are disordered and lack strong inter/intralayer bonding. In
contrast, the self-assembled GO membrane (Fig. 3b) is highly ordered by
van der Waals interactions between = orbitals and hydrogen bonding
interactions between the OFGs of adjacent GO sheets. Those interactions
not only connect the adjacent GO sheet, but also guide the GO sheet to
form a uniform “brick-and-mortar” stacking configuration, giving rise to
the nanochannels in GO membranes through which polar solvents and
ions can permeate. Introduction of AlI** from all three precursors in-
creases the spacing between layers (Fig. 3c, d, e) and AI** ions (green)
coordinate with the OFGs. Among the three AL sources, Al,O3 releases
the fewest free AI>* cations through reaction with acidic GO solution;
remaining alumina particles disrupt the lamellar structure and decrease
the GO membrane stability (Fig. 3c) [19]. This increased disorder results
in a higher DiC for AGO(Al;03) relative to laminated pristine GO
membranes. In contrast to Al,O3, AlCl3 (Fig. 3d) and Al foil (Fig. 3e)
release significant concentrations of AI** cations when dissolved in the
acidic GO solution. Partial reduction of the GO membrane by reaction
with Al foil results in fewer OFGs in AGO (Al foil) relative to AGO (AICl3)
and AGO (AlyO3). Since graphene is highly conductive, this partial
reduction increases the conductivity of AGO (Al foil) as reflected in the
lower dielectric constant (Fig. 1a) and lower capacitance (Fig. 4a) of this
membrane. In summary, this microscopic model explains the observed
pattern of DiC for these four materials. Increased disorder of the AGO
(Al203) membrane (Fig. 3c¢) increases the DiC, while partial reduction of
the AGO(AI foil) membrane (Fig. 3e) decreases the DiC relative to
pristine GO at all frequencies. In AGO(AICl3) (Fig. 3c), the greater AL
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complexation with OFGs leads to an increase of DiC specifically at low
frequencies due to greater dipole polarization.

As discussed above, our model of the material properties also sup-
ports the DiL observations. The low frequency DiL of all AGO mem-
branes is greater than that of GO due to the increased spacing between
layers (Fig. 3¢, d, ) and accompanying increased energy dissipation by
interfacial polarization. The resonance peak in the DiL spectra due to
dipole reorientation shifts to lower frequencies for the AGO(AICl3) and
AGO (Al foil). Both of these membranes have greater AI3T-OFG
complexation (Fig. 3d, e), which increases the moment of inertia of the
OFGs and thus shifts the resonance frequency to lower values.

Fig. 4a shows cyclic voltammetry (CV) curves for dielectric capaci-
tors using carbon paper electrodes and GO or AGO membrane as the
dielectric separator. The scan rate (v) was set to 100 mV/s with a po-
tential window (AV) of —1.0 to 1.0 V. The CV curves of all capacitors at
different scan rates from 5 to 100 mV/s are summarized in Fig. S2. As the
DiC value (at 100 Hz) of the separator material increases, the area of the
CV curve increases. The specific capacitance, power, and energy could
be estimated using Egs. (4)-(6).

__Area of CV curve
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where v (V/s) is the scan rate, m (kg) is weight combination of carbon
paper electrode and GO or AGO dielectric membrane, AV(V) is the po-
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Fig. 4. (a) Cyclic voltammetry (CV) curve and (b) Ragone plot of carbon paper capacitors with GO, AGO (Al,03), AGO (AlCl3), and AGO (Al foil) as dielectric

separators in a potential window of +1 V.
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tential window, C (F/kg) is specific capacitance, SP (W/kg) is specific
power, and SE (Wh/kg) is the specific energy.

According to Egs. (5) and (6), the specific power and energy of the
carbon paper-GO/AGO membrane-carbon paper dielectric capacitor can
be summarized in a Ragone plot as shown in Fig. 4b. The absolute C, SP,
SE value for such a sandwich structured dielectric capacitor is extremely
low due to the carbon paper electrode and current collection copper tape
used in the setup. As shown in Fig. 4b, specific power and specific energy
increase as the DiC value of the GO/AGO dielectric separator increases
from AGO (Al foil) to AGO(Aly0O3). Most strategies for tailoring the
functionality of dielectric separator materials have been focused on
increasing either the specific power or the specific energy of the
capacitor, but the next generation of energy storage and transfer devices
will operate in the regime of both higher specific power and energy. In
our study, carbon paper capacitors fabricated with a dielectric layer of
higher dielectric constant at the operating frequency have both higher
specific power and specific energy.

The long-term stability of GO/AGO-based capacitors was studied
through 500 charge-discharge cycles with a scan rate of 500 mV/s as
shown in Fig. 5. The all-solid-state capacitors with GO, AGO (AlCl3) and
AGO (Al foil) dielectric separators can retain 100 % capacitance with a 1
% increase per hundred cycles, indicating the excellent stability of GO
based capacitors. The capacitor fabricated with AGO (Al,03) exhibits a
larger capacitance increase of about 3 % per hundred cycles during the
cycle stability study range.

4. Conclusions

In this work, AI>* ions were incorporated into GO membranes by the
addition of AlyOs, AlCl3, or Al foil to an acidic GO solution prior to
membrane formation. The dielectric performance of GO and AGO
membranes were evaluated and explained through inter/intra sheet
bonding mechanisms. At the high frequency range of the study, all the
GO and AGO membranes show a similar dielectric constant value of 5 +
0.5 (1 MHz) and this value increases with decreasing frequency. The
addition of AI** through Al,Os is effective in increasing the dielectric
constant, but also increasing the dielectric loss of the GO membrane.
Compared to unmodified GO membranes, the addition of AI** through
AlCl; is effective in increasing the dielectric constant in the low fre-
quency range (1-500 Hz), but decreases the dielectric constant in the
higher frequency range (500 Hz ~ 1 MHz). Unlike the other two, the
addition of Al>* through Al foil decreases the dielectric constant due to
partial reduction of the GO sheets. For all AGOs, the dielectric loss peak
shifts toward a lower frequency value with cation modification, which
likely results from slower dipole reorientation due to greater AI**-OFG
complexation. Finally, CV and cycle stability tests were conducted for all
GO and AGO membranes when forming an all-solid-state carbon paper
capacitor with GO/AGO dielectric separators. The specific capacitance,
power, and energy of the capacitors increases in the order AGO(AL foil)
< GO < AGO(AICl3) < AGO(Aly03), in agreement with the measured
dielectric constant at the CV operating frequency (100 Hz). In addition,
the as-fabricated solid-state capacitors show excellent cycle stability
within the 1000 cycle test. These results demonstrate that the addition of
AIR* from different sources impacts the dielectric properties of the GO
membrane and thus the electrochemical performance of the dielectric
capacitor using those membranes. The chemical approaches to tailoring
dielectric materials shown here will be valuable tools in the develop-
ment of advanced energy storage devices.

Novelty statement
This study shows a facile and effective strategy for tailoring the

dielectric properties of graphene oxide membranes for potential energy
storage devices applications.
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