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ABSTRACT: Revealed by an integrated electrogravimetric and viscoelastic method, slightly electrochemically reduced gra-
phene oxide (ERGO) presents an anion preference for charge storage and delivery, while with the progressive removal of
oxygen functionalities on its basal planes, cations begin to predominate in charge compensation. This “anion-to-cation”
evolution in neutral aqueous media can not only affect the electrochemical charge storage, but also play an important role
in electrode’s viscoelasticity. It was demonstrated that oxygen functionalities could modify the interactions between gra-
phene layers and even contribute to pseudocapacitances. However, the role of oxygen functionalities in species transfer and
viscoelastic variations still remains poorly understood. Herein, a combined methodology of electrochemical quartz crystal
microbalance (EQCM), ac-electrogravimetry and electroacoustic impedance measurements was proposed for characteriz-
ing the electrochemical and viscoelastic responses of graphene oxides with various degree of electrochemical reduction.
With the removal of oxygen containing functional groups, ERGO electrode exhibits (i) a gradually enhanced specific capac-
itance (Cs) with increased flexibility (decreased storage moduli, G '); (ii) a dehydration process of cations (i.e. from Na*.2H,O
to Na*.H,0); and (iii) a potential-dependent “stiffened-softened” behavior. These results open the door for a suitable design
of GO-based materials for electrochemical energy storage and shed light on electronic devices where ion-selective behavior

plays a key role.

Owing to high power density and superior cycling per-
formance, supercapacitor (SC) has boosted numerous re-
search efforts in electrochemical energy storage and of-
fered a wide range of potential applications, such as porta-
ble electronics, electric vehicles and stand-free power sys-
tems*6. The most important component in SC is the elec-
trode material with high surface area and high porosity7-2.
Among those, carbon-based materials are considered as
prospective SC electrode candidates for bulk production?
1o Graphene, a sp2-bonded carbon monolayer, has demon-
strated itself significantly effective for electrochemical en-
ergy storage/delivery due to many appealing features, such
as high surface area (theoretically as high as 2630 m*>g™),
superior mechanical properties, excellent electronic con-
ductivity and chemical resilience> *'5. Reduction of gra-
phene oxide (GO) is widely adopted for the production of
graphene because of its low cost, high scalability and com-
petitive yield'®7. As a highly defective form of graphene
functionalized by enriched oxygen-containing groups, GO
may offer higher capacitance than graphene through addi-
tional pseudo-capacitive behavior'®>. However, the oxygen
containing functional groups can also restrain the sp2 hy-
bridization and thus render the GO less conductive due to

degraded m-m stacking. From this perspective, the electro-
chemical charge storage performance of GO is strongly as-
sociated with the content of oxygen functional groups on
its layers: i) high content of oxygen functionalities brings
about more pseudocapacitance from reversible redox reac-
tions and improves the wettability of GO electrodes with
aqueous solution but results in an inferior conductivity and
less electroactive surfaces for electrical double-layer capac-
itance (EDLC); contrarily, ii) low content of oxygen func-
tional groups leads to an enhanced electronic conductivity
due to the restoration of the -t network and a higher elec-
troactivity of the surfaces for charge adsorption/desorp-
tion, thereby promoting improvements in electrochemical
performances of SC. Thus, a direct correlation between the
oxygen-containing groups of the GO and the final electro-
chemical performance of the SCs cannot be disregarded.

Under the consideration that most of the graphenes syn-
thesized through reduction of GO bear some unavoidable
extrinsic defects from oxygen-containing groups'® 22, a sys-
tematic investigation on the electrochemical behavior of
GO with different content of oxygen functionalities is
highly desirable for well-designed SC electrodes. Addition-
ally, although it has been demonstrated that oxygen
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Figure 1. (A) Synthesis process and the expected structural changes for ERGO-1, -2 and -3; morphological observations of graphene
oxide film (B) and GO films with different degree of reduction, ERGO-1 to ERGO-3 (C-E) (white scale bars: ium). Inset images are
higher magnification of each film; (F) XRD patterns of pristine GO and GO with various degree of electrochemical reduction and
XPS spectra of GO (G) and ERGO-3 (H), where the curves were fitted considering the following contributions: C=C (sp2; peak 1),
C-C (sp3; peak 2), C-O (epoxy and hydroxyl; peak 3), C=O (carbonyl; peak 4), O-C=0 (carbonyl; peak 5) and n-r*. The panel (I)
presents the relative percentage of C=C and C-O groups as a function of time (The lines are a guide to eyes).

containing functional groups could bring about reversible
electrochemical reactions, thus contributing to capaci-
tance®9, the mechanism of ionic fluxes during charge-dis-
charge process in carbon based electrodes still remains
poorly understood.

Besides superior electrochemical properties, long-term
cycling performances are also of importance for an efficient
SC electrode. Upon cycling, periodical ion electroadsorp-
tion/electrodesorption and/or insertion/extraction are
possibly accompanied with solvent flux which lead to re-
peated species-transfer-induced deformation as well as vis-
coelastic changes of the GO electrode (stiffened/softened).
Such viscoelastic changes which are not completely relaxed
at the end of each cycle and tend to gradually accumulate,
thereby result in a failure of the mechanical integrity and
lead to an eventual cyclability fading. Multiharmonic
EQCM with dissipation monitoring (EQCM-D) has been
used for the investigation of gravimetric and viscoelastic
changes of electrodes during charge storage process by the
interpretation of both frequency (Af/n, n is the overtone
order) and resonance width (AW/n) changes®. Neverthe-
less, of practical and fundamental importance but still
scarcely touched is the correlation between electrode vis-
coelasticity and its electrochemical performance+2°.

Electrochemical quartz-crystal microbalance (EQCM)
and its coupling with electrochemical impedance spectros-
copy (the so-called ac-electrogravimetry) have proved
themselves significantly effective for evaluating the elec-
trochemical behaviors of carbon-based electrodes*7-28, par-
ticularly in situ capturing ionic transfer between the elec-
trode and electrolyte. Besides identifying each species par-
ticipating in the charge compensation process, it can pro-
vide a quantitative picture together with the kinetics of
transfer of each species, thereby providing a kinetic and
gravimetric deconvolution. In addition to the utility of the
electrogravimetric methods, the viscoelastic evolutions of
the GO electrodes in the removal process of oxygen-con-
taining groups and at different states-of-polarization can
be tracked by electroacoustic impedance method>3, from
which two important parameters for describing the visco-
elasticity of the GO electrodes, i.e., the storage (G") and
loss moduli (G") can be estimated. G’ represents the elec-
trode stiffness whereas G" reflects its viscosity. These pa-
rameters can be further utilized to estimate the sensitivity
coefficients of the QCM when it is not under gravimetric
regime and thus help to differentiate the effect of the me-
chanical property changes from purely gravimetric re-
sponses®.

In the current study, ERGO electrodes with different
content of oxygen functionalities were prepared and a
combined methodology of EQCM, ac-electrogravimetry



and electroacoustic impedance method was proposed to
acquire a deeper insight into (i) the influence of oxygen
containing functional groups on the ionic transfer in ERGO
electrodes and (ii) the correlation between electrochemical
and viscoelastic evolution during the gradual removal of
these groups. To the best of our knowledge, such a system-
atic study is unprecedented and is distinguished from the
previous works thanks to the non-conventional electro-
chemical characterization methods employed, which pro-
vides the correlation between oxygen containing func-
tional groups and nanostructure of the ERGO layers and
their effect on the species (ions or solvent) transfer kinet-
ics, hydration/dehydration of ions and the electrochemical
and viscoelastic properties of the electrodes.

EXPERIMENTAL SECTION

Synthesis of ERGO electrodes and structural charac-
terization. GO was synthesized by a modified Hummers
method32. GO suspension of 1 mg/mL was prepared from
addition of GO powder to bi-distilled water, followed by a
consecutive ultrasonication for 5 h to get a homogeneous
solution. About 40 pL GO suspension were deposited on
the gold electrode (0.2 cm?) of a quartz crystal microbal-
ance (QCM) resonator (9 MHz-AWS, Valencia, Spain) with
the help of a lab-made mask, which ensures the exposure
of the gold electrode only. GO film was generated after be-
ing dried at 70 °C for 1 h in an oven. The electrochemical
reduction was carried out by a standard three electrode
configuration, where GO-coated gold electrode of QCM
was used as a working electrode, with a platinum grid and
Ag/AgCl (3 M KCl saturated with AgCl) as a counter and a
reference electrode, respectively. The reduced GO films
were electrochemically synthetized by chronoamperome-
try with a Biologic SP-200 potentiostat using EC-Lab soft-
ware at -0.9 V vs. Ag/AgCl in a solution of 0.5 M NaNO;.
Nitrogen gas was bubbled in the solution prior to the elec-
trochemical reduction and was maintained over the solu-
tion until the end of the reduction to ensure a complete
saturation in NaNO, solution. The resulting ERGO elec-
trodes were designated as ERGO-1, ERGO-2 and ERGO-3in
accordance with the reduction time of 15 s, 1 min and 5 min,
respectively (Figure 1A).

The morphologies of the electrogenerated ERGO elec-
trodes were observed under vacuum conditions using a
field emission gun scanning electron microscope (FEG-
SEM, Zeiss, Supra 55). The crystallographic structures were
determined by X-ray diffraction (XRD), which was per-
formed using Philips PANalytical X'Pert Pro diffractometer
with Cu Ka radiation (A = 1.54184 A). The electrodes used
for XRD were prepared on ITO-coated glass slides and re-
duced under the same conditions as those on gold elec-
trode of the QCM. X-ray photoelectron spectroscopy anal-
yses were performed using an Omicron Argus X-ray pho-
toelectron spectrometer with monochromatized Al Ka ex-
citation (1486.6 eV) with a pass energy of 100 eV and 20 eV
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Figure 2. (A) Electroacoustic admittance measurements: ex-
perimental and fitted conductance and susceptance over fre-
quency for ERGO-1at -0.2 V. Fitting parameters: G’ = 6.29x105
N.m?, G" = 0.84x105 Nm?, d, =146 nm and p, =2 g.cm3;
evolution of real (B) and imaginary (C) components of com-
plex shear modulus of ERGO electrodes.

for acquisition of the survey and high-resolution spectra,
respectively. Further details are given in the Supporting In-
formation.

Electroacoustic impedance measurements. The vis-
coelastic evolutions were explored through the electroa-
coustic impedance measurements to elucidate the rela-
tionship between electrochemical and viscoelastic changes
of the ERGO films3>34. They were carried out in the poten-
tial range between -0.4 V and 0.4 V (at nine different po-
tentials with an interval of 100 mV). An Agilent 4294A im-
pedance analyzer coupled with a lab-made potentiostat
was used to perform the electroacoustic impedance meas-
urements under polarization. A lab-made software Simad
was used for extracting storage moduli (G ") and loss mod-
uli (G") of the ERGO films through fitting the experimental
data. G’ is associated with the energy storage capability of
the ERGO layers whereas G" describes the energy dissipa-
tion of the electrode due to internal friction and irreversi-
ble deformation of ERGO sheets.



The complete theoretical electrical admittance, Y, (@),
of the loaded quartz resonator is given in Eq.1:

=G+iB=i><a)><Cp+

1
Y, (@) =—— ) (1)

'th m
where G is the conductance (which can be written as a
complex number with a real and imaginary part, GG+jG",

2
where | =-1), B depicts the susceptance, @=2x7xf , C,
is the parasitic capacitance and ZY, is the motional imped-

ance of the loaded quartz resonator calculated with a vis-
coelastic model (see Supporting Information for details of
the data treatment based on the work of Martin et al33).
Figure 2A shows an example for the fitting of experimental
response of ERGO-1 film at -0.2 V, which takes into consid-
eration four parameters of the film, i.e., film thickness ( d,

), film density ( p, ), G"and G".

The methodology used to treat the viscoelastic properties
of ERGO layers is based on the electroacoustic measure-
ments and the data treatment by Martin’s model, which is
itself based on the transmission line modelling (TLM)3.
This study is complementary to the recent reports on the
viscoelastic and gravimetric behaviors of 2D Ti3Cz2
(MXene) electrodes by multiharmonic EQCM-D where a
Voigt-type modelling has been used?42°. Therefore, a
brief discussion on both models (Voigt type3s and TLM) are
given in the Supporting Information.

Electrogravimetric measurements. The electrogravi-
metric response of a pristine GO thin film from ac-electro-
gravimetry (AC-EG) was too weak to be analyzed due to its
poor electronic conductivity. Therefore, the pristine GO
film was slightly reduced for 15 s at -0.9 V vs. Ag/AgCl
(ERGO-1) with the expectation of maintaining as much ox-
ygen containing functional groups as possible on its sheets,
and meanwhile being sufficiently conductive for obtaining
a cognitive response in AC-EG. The electrochemical per-
formances of ERGO electrodes were measured employing
a standard three-electrode electrochemical cell which con-
sisted of a ERGO-loaded quartz resonator as the working,
Ag/AgCl as the reference, and platinum grid as the counter
electrode. Electrochemical experiments were carried out at
ambient temperature in 1 M NaCl. The potential window
for galvanostatic charging-discharging (GCD) tests at dif-
ferent current densities (0.5, 1and 2 mA-cm) was confined
between -0.5 V and 0.5 V vs. Ag/AgCl, which was applied
to cyclic voltammetry (CV) measurements as well. Both
GCD and CV were coupled with the QCM measurements
to obtain the simultaneous frequency variations of the
modified quartz resonators.

AC-EG which couples the electrochemical impedance
spectroscopy with fast QCM measurements were detailed
else where*28, Briefly, a four-channel frequency response
analyzer (FRA, Solartron 1254) and a lab-made potentiostat
were used for AC-EG. The QCM was performed under dy-
namic regime, and the modified working electrode was po-
larized at selected potentials. The frequency range for this

potential perturbation was between 63 kHz and 10 mHz.
The microbalance frequency shift (Af,) corresponding to
the mass change (Am) of the modified working electrode
was measured simultaneously with the current response
(AI) or the charge response (Aq) of the electrochemical sys-
tem. The resulting signals were sent to a FRA, which al-

lowed the electrochemical impedance (2E ) ), the elec-
Al

trogravimetric transfer function (TF) ( 2™, ) and the
AE

charge/potential TF ( 2%, ) to be obtained simultaneously
AE

at a given potential and frequency modulation, f (pulsation
= 27f) (see theoretical part in the Supporting Infor-
mation).

RESULTS AND DISCUSSION

Morphology and structure of ERGO electrodes.
ERGO thin films with progressively decreased content of
oxygen functionalities were electrochemically fabricated as
illustrated in Figure 1A. With increased reduction time,
the ERGO sheets gradually lost the oxygen functional
groups which was accompanied by a decrease of interspac-
ing between the layers. The morphology of the GO and
ERGO electrodes was observed by FEG-SEM as shown in
Figure 1B-E. Both GO and ERGO electrodes displayed a
typical wrinkled morphology, which is formed by thin
crumpled sheets.

Sauerbrey equation was employed to calculate the film
thickness in air through the relationship between mass
change (Am) of the ERGO electrode and microbalance fre-
quency shift (Af) before and after the electrochemical re-
duction of the film3®, i.e., Af=-CrxAm, where Cris the mod-
ified sensitivity factor of the quartz crystal resonator (Cy
=19.5%107, 18.7x107 and ~17.8x107 Hz.g".cm? for ERGO-1, -2
and -3, respectively. See details in the viscoelastic proper-
ties section). The estimated thickness from Sauerbrey
equation is ~146, ~122 and ~100 nm for ERGO-1, -2 and -3,
respectively. These values were used for the fitting of the
electroacoustic and electrogravimetric data thereafter.

The structural difference of GO electrodes before and af-
ter electrochemical reduction was characterized with XRD
measurements. Figure 1F shows the XRD patterns of the
pristine GO on ITO coated glass slides, revealing a sharp
and intense diffraction peak centered at 20 = 11.5° (002),
corresponding to an interplanar spacing (d-spacing) of 0.77
nm. This value is dependent on the preparation method
and the number of water molecules between the layers3.
After 15 s of electrochemical reduction, ERGO-1 displayed
almost the same reflection peak, confirming that ERGO-1
shared almost the same structural geometry as GO in spite
of a measurable thickness decrease observed by FEG-SEM
and weight loss by QCM. It may be attributed to the super-
ficial oxygen functional groups on GO layers and water
molecules located in the shallow sites between GO layers,
which can be easily removed during electrochemical re-
duction process. However, in the case of ERGO-2, the in-
tensity of the peak (002) drastically faded and a new, broad



peak emerged at 20 = 23.5° corresponding to a d-spacing of
0.38 nm. The decreased value of d-spacing in ERGO-2 im-
plied that a significant portion of oxygen functional groups
had been removed from GO sheets. Moreover, in the pat-
tern of ERGO-3, the peak at 20= 11.5° disappeared and was
markedly shifted to 23.5° indicating that at least a partial
reduction of GO was achieved.

The reduction degree of GO electrodes is further investi-
gated by XPS. Cis spectrum of GO electrode (Figure 1G)
displays its two main components of C-O (epoxy and hy-
droxyl, ~286.9 eV) and C=C/C-C (~284.8 eV) in aromatic
rings, and two minor components i.e.,, C=0 (carbonyl,
~288.6 eV) and O-C=0 (carboxyl, ~290.0 eV) groups:®+.
After electrochemical reduction for 5 min, all intensities of
the oxygen functionalities remarkably decrease (Figure
1H), especially C-O groups, evidencing that the majority of
oxygen functionalities have been successfully removed.
Furthermore, a stronger m-n* shake-up satellite peak
around 290.7 eV resumes in ERGO-3, which is a character-
istic of aromatic or conjugated systems+. Figure 1l pre-
sents the variation of the two major groups (C=C and C-O)
as a function of reduction time. It clearly shows that the
main oxygen functional group (C-O) is gradually removed
upon electrochemical reduction and ERGO electrode can
be sufficiently reduced after 5 min, which is also confirmed
by the C/O ratio in Figure SI-1. These results, combined
with XRD analysis, indicate the formation of ERGO with
different content of oxygen functionalities.

Viscoelasticity of ERGO electrodes and its influence
on electrogravimetric performance. Long term me-
chanical integrity is of significant importance for a high
performance SC electrode. However, it is known that the
periodical exchange of the species between the electrode
and the electrolyte commonly results in the accumulation
of unrelaxed structural deformations thus leading to the
mechanical failure. Furthermore, it has been demonstrated
that the viscoelastic properties of the deposited film play
an essential role in the validity of Sauerbrey equation and
can modify the gravimetric response of a quartz resona-
tor®. Therefore, when QCM based methodologies are em-
ployed to study the electroadsorption or insertion behav-
ior, special attention should be given to distinguish be-
tween the (electro)gravimetric and the (electro)mechani-
cal property changes of the electrodes. Hence, in this
study, prior to the electrogravimetric investigations, elec-
troacoustic impedance tests (Figure 2) were carried out to
explore the influence of the progressive removal of oxygen
functionalities from ERGO sheets on its viscoelastic evolu-
tion, which is described by the storage modulus (G ) and
the loss modulus (G"). As shown in Figure 2B, ERGO layers
exhibit a decrease in the rigidity with progressive removal
of oxygen containing functional groups from ERGO-1 to -3.
For instance, G’ of the ERGO-1 is reduced by approxi-
mately 58% from ~6.2x105 N'm?2 to ~2.6x105 N'm? for
ERGO-3, which are comparable to that of graphene hydro-

gel+ and that of a composite LiFePO, electrode used in bat-
teries#. By contrast, G" shows a more complex evolution
behavior (Figure 2C). Specifically, G" of ERGO-1 remains
at lower values at most potentials and decreases gradually
from cathodic to anodic potentials (from 0.89x105 N'm™ to
0.65x105 N'm™). However, in the case of ERGO-2 and -3, G"
exhibits an entirely opposite variation tendency with re-
spect to ERGO-1, increasing from 1.17x105 N'm™ to 2.13x105
N'm and 0.37x105> N'm™ to 1.38x105 N'm, respectively.

It has been revealed that the G " describes the film rigidity
(energy storage), whereas G" is correlated with film viscos-
ity (energy dissipation). Although the measurements of
the complex shear modulus are macroscopic and the elec-
trochemical/electroacoustic measurements are not neces-
sarily structural probes, a plausible molecular level inter-
pretation of these macroscopic observations are as follows:
The decreased G and increased G" from ERGO-1 to -2 re-
veal that the removal of oxygen containing functional
groups and the corresponding restoration of the m network
endow the reduced graphene oxide (RGO) layers with less
rigidity and more viscosity. It is speculated that strong po-
lar interactions exist between the reduced graphene oxide
interlayers mainly from enriched oxygen functionalities in
ERGO-1 electrode, resulting in an inferior electrode con-
ductivity and thus poor ions’ transfer between elec-
trode/electrolyte interface and transport in electrode bulk.
Correspondingly, the friction between the ions and oxygen
containing functional groups is greatly weakened and the
relative displacement between ERGO layers hardly occurs,
through which the energy dissipates during electrochemi-
cal process. With the removal of oxygen functionalities
from ERGO-1 to -2, such strong polar interactions can be
gradually replaced by restored m system, which brings
about the exchange of ions in a higher quantity between
the electrode and electrolyte. Also, the corresponding de-
formation of ERGO sheets can be compatible for the ac-
commodation to these increased amount of ions under dif-
ferent states-of-polarization. It in turn enhances energy
dissipation in this process by means of i) enhanced friction
between exchanged species and ERGO layers and ii) rela-
tive displacement between ERGO layers. Such properties
can be presented by high flexibility and high viscosity, i.e.,
low G’ and high G".

In contrast with ERGO-2, ERGO-3 displays a further de-
creased G’ due to the further removal of hetero-oxygen
groups, however, a smaller G" instead, implying that the
graphene oxide sheets with higher degree of reduction be-
come more flexible and less viscous. As a matter of fact, the
gradual removal of oxygen containing functional groups
(from ERGO-2 to ERGO-3) results in a further approach of
the adjacent layers (the d-spacing of 0.38 nm was achieved
in ERGO-3 as shown by XRD, Figure 1F) and leads to the
further restoration of its ™ network with much larger con-
jugated length as compared to ERGO-2, which may weaken
the internal friction between ERGO layers and thus atten-
uate the dissipation (lower G"). Besides, it may facilitate
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Figure 3. Galvanostatic charge-discharge of ERGO-1 (A, B), ERGO-2 (C, D) and ERGO-3 (E, F) at a current density of 0.5, 1 and 2
mA-cm?2, respectively. Panels (G) and (H) are CV and mass change (Am) of ERGO electrodes obtained at 10 mV's™.

the ionic transfer and thus allow much more species to be
accommodated on the electrode during charge storage/de-
livery. And it is speculated that exchanged H,O molecules
play an essential part in the variation of G" by means of
plasticizing effect®. These points will be scrutinized in the
discussion part of the AC-EG data.

In addition to providing information on the electrome-
chanical behavior, the electroacoustic studies on the ERGO
layers may also permit the exploration of the validity of the
gravimetric regime for the further analysis with the QCM
and its satellite electrochemical methods. To estimate the
influence of viscoelastic variations of ERGO electrode on
its electrogravimetric performance, the experimental sen-
sitivity factor of the quartz crystal resonator (Cr =16.3x107
Hz.g*.cm? under the hypothesis of a sufficiently rigid elec-
trode2®) was modified with the consideration of the rheo-
logical properties of the electrodes. The calculation was
performed by Eq. 2 as previously reported?. Briefly, the
film thickness was maintained constant (~146, ~122 and
~100 nm for ERGO-1, -2 and -3, respectively), p»* and
p™ were confined between +p, x 0.5% ( p, was ob-
tained by the fitting procedure). The series frequency, fY
, was calculated at each potential given that G”and G" were
constant upon a small potential perturbation.
f(pi™,h,.G,G" - 1 (p{",h,,G'G")

(P = pi™)xh,
The resulting modified Cyvalues for ERGO-1, -2 and -3 are
~19.5x107, ~18.7x107 and ~17.8x107 Hz.g".cm?, respectively.
These modified values will be used in the following for the
EQCM data analysis and for the fitting of the AC-EG data.

Cyclic electrogravimetric behaviour. The electro-
chemical behavior of ERGO electrodes was characterized

)

exp _
C =

by GCD and CV. The QCM was coupled with both meas-
urements to track the simultaneous frequency shifts of the
ERGO electrodes during cycling, which can be converted
into mass responses. Typical GCD curves of three different
ERGO electrodes obtained at a current density of 0.5, 1 and
2 mA-s™ are shown in Figure 3A, B and C, while the corre-
sponding mass changes are displayed in Figure 3D, E and
F. The charge/discharge curve of the ERGO-3 electrode
presents a typical triangle shape with little deviation and is
much prolonged over the ERGO-1 and -2 electrodes at var-
ious current densities, demonstrating that the capacitive
behavior plays the major contribution in charge storage
and that the specific capacitance of ERGO-3 electrode is
significantly higher than those of ERGO-1 and -2*%. This re-
veals that significantly larger surface areas of the ERGO
sheets become accessible for ions in charge storage with
the progressive be removal of oxygen functionalities. Un-
like the fairly clear evolution of potential responses, the
mass responses of graphene oxides with different degree of
reduction display a complex signature. As for ERGO-1, the
mass-time response (Figure 3D) proceeds in a synchro-
nously positive-going pace with potential response, i.e.,
mass increase/decrease during charging/discharging,
which is characteristic of anion participation in charge
compensation process. By contrast, in the case of ERGO-2
and -3, the mass response (Figure 3E and F) shows a re-
verse triangular shape, evidencing a transition in the
charge storage process, specifically from anions to cations
transfer.

To confirm this “anion-to-cation” preference of the
ERGO electrodes in electrochemical performance upon a
progressive removal of oxygen functionalities, the EQCM
was also performed. Figure 3G and Figure SI-2 (a-c) show
approximately rectangular shaped CV responses with the



slight contribution of broad redox peaks in the potential
range of -0.5-0.2V vs. Ag/AgCl, indicating that the charge
storage corresponds mostly to a typical EDLC behavior.
The minor deviations of an ideal rectangular response are
due to the additional pseudocapacitances, which stem
from the electrochemical reactions of remaining oxygen
functionalities on ERGO layers at the electrode/electrolyte
interface, e.g., >C-OH < >C=0+H"+e 4748, In general, the
specific capacitance (C;) of the electrode is proportional to
its CV area#. Upon electrochemical reduction, the C, grad-
ually increases. If the three ERGO (1-3) electrodes charac-
terized at 10 mV's™ are taken as an example (Figure 3G),
an increase in the C; values is observed with the progres-
sive removal of oxygen functional groups, as evidenced by
the enlarged CV area. The maximum C; of ~160.8 F'g* was
obtained at a scan rate of 10 mV's™ for the ERGO-3 elec-
trode (Table SI-1), which exhibits a promising charge stor-
age capability>37.

Based on the data provided by GCD and CV coupled with
QCM (Figure 3), anions seem to dominate in charge bal-
ance for ERGO-based electrodes with relatively high con-
tent of oxygen functionalities while cations’ contribution is
progressively enhanced with the decrease of oxygen func-
tionalities on its layers. Therefore, it is likely to modify the
microstructures of GO-based electrodes by means of regu-
lating the content of oxygen functionalities on its layers,
which can affect not only the electrochemical perfor-
mances but also the nature of the ionic species participat-
ing in this process. However, the GCD and CV alone are
not qualified to separate each species contribution and to
provide their interfacial transfer kinetics®® 5°. For the de-
convolution of the global electrogravimetric response into
gravimetric and temporal components, the AC-EG was
suggested as a complementary tool to the EQCM.

Ac-electrogravimetric investigations. AC-EG measure-
ments were carried out at various states-of-polarization
from -0.4 V to 0.4V vs. Ag/AgCl with an interval of 100 mV.

AE

The electrochemical impedance, (w) and charge/po-
I

A
Aq
AE
of ERGO electrodes at selective potentials of +0.2V vs.
Ag/AgCl are firstly compared, which can only reveal the
contribution of charged species participating in the charge
compensation process. These two potentials were shown
herein as representatives of cathodic and anodic polariza-
tion states. The electrochemical impedance, (Figure SI-3)
at low frequencies exhibits a slightly distorted straight line
implying a multi-ion contribution to the charge compen-
sation process. The experimental data of impedance and
charge/potential TF (Figure SI-3 and SI-4) were fitted us-
ing theoretical functions in Eqs. 3 and 4:

tential transfer function (TF), (») (Figure SI-3 and 4)

AE _ G ..
(@) =(jod; FY —— 7 (s

(@)= (ody Eij f+Ki) (i: ions) (3)
Hw)y=Fd, S — (i

=@ f§i ot K (i:ions) (4)

where K;represents the kinetics rate of transfer whereas G;
describes the level of difficulty for each species transferred
at the electrode/electrolyte interface. This fitting process
revealed the involvement of three ionic species which re-
sulted in a good agreement between the experimental and
the theoretical curves (Figure 4, Figure S3 and S4). Two
parameters for each ionic species, K; and G;, could be ob-
tained through this fitting process and are listed in Table
SI-2.

The charge/potential TF of the ERGO-1 exhibits a rela-
tively small suppressed loop (or a composition of several
loops) at both potentials (Figure 4C and D), demonstrat-
ing the presence of more than one charged species with

similar time constant. In the case of ERGO-2, the 29 ,,
AE

TF is distinguished by an enhancement of the loop diame-
ter. After a further electrochemical reduction, ERGO-3 ex-
Aq
AE
tail at low frequency (LF). This suggests that at LF, another
species may participate in charge balance and this species
possesses a significantly different time constant to appear
as a beginning of a separate loop. The impedance and
charge/potential TF provide the contribution of charged
species but do not permit their identification. Thus,

hibits even a larger 29 ,,, TFloop at-0.2V with an upward

Am ) TFs were explored for tracking the flux of both
AE

charged and neutral species with their identification as
well as for their kinetics of interfacial transfer (Figure Ss).
Two parameters for each ionic species, K; and G; previously
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Figure 4. Theoretical curves of electrochemical impedance,
AE/AI(®) (A, B) and the charge/potential transfer function,
Aq/AE(®) (C, D) of ERGO electrodes at +o.2 V. For experi-
mental curves, see Figure SI-3 and -4.



obtained from impedance and charge/potential TF were

used in the fitting process of the 2™ ., TF, using Eq. 5:
AE

Am G .. .

—(w)=-d; ) M,——— (i: ions and neutral species)

AE . jod; +K;

(5)

The additional parameters, K; and G; for the solvent mol-
ecules and the molar mass (M;) of each species were esti-
mated (listed in Table Sz at selective potentials of +0.2V
vs. Ag/AgCl).

Figure 5 depicts the evolution of 2" ) response of
AE

ERGO electrodes at +0.2V vs. Ag/AgCl with progressive re-
moval of oxygen functionalities. Four different species, i.e.,
hydrated cations (Na*'nH,O, n=1 or 2), cations (Na*), H,O
molecules and anions (Cl") were identified which resulted
in a good agreement between the experimental and the
theoretical curves (Figure 5 and Figure S5). As shown in

Scheme SI-1, the 2™ ) response in the first quadrant is
AE

characteristic of an anion contribution, while a cation con-
tribution appears in the third quadrant®. For ERGO-1, at
both potentials, relatively small amount of hydrated cati-
ons (Na*2H,0O) were identified at high frequencies (HF).
They were followed by a significant contribution of anions
(CI') and H,O molecules with the same flux direction with
anions at high-intermediate and intermediate-low fre-
quencies, respectively. Lastly, cations without hydration
shell (Na*) were observed at very low frequencies with a
minute contribution. Besides, no significant differences
were observed between -0.2 V and o.2 V. This illustrates a
persistent electrochemical performance of ERGO-1 elec-
trode with anions playing a major part in the charge com-
pensation (Figure 5A and B). On the contrary, the electro-
gravimetric response of ERGO-2 electrode presents a more
obvious potential-dependent behavior. Specifically, at -0.2
V, a fairly good agreement between the experimental and
theoretical 2™ ) data was achieved by considering the
AE

contribution of anions (Cl) at low frequency (Figure 5A
and SI-5C). However, at 0.2 V, this contribution disap-
peared and replaced by the extension of the contribution
from H,O molecules with the same flux direction as cations
(Figure 5B).

ERGO-3 electrode presents one big loop of in the elec-
trogravimetric TF in the third quadrant at high and inter-
mediate frequencies, and a small one in the second quad-
rant at lower frequencies, independently of the applied po-
tential (Figure 5 and Ss). It suggests a more homogeneous
nanostructure of reduced graphene layers in ERGO-3 elec-
trode with cations as a major charge carrier for charge bal-
ance in the potential range studied (-0.4 to 0.4 V). Herein,
it is worth mentioning that a drastic decrease of the loop
diameter in the third quadrant was observed when the
measurement potential was changed from -0.2 Vto 0.2 V
for ERGO-2 and -3 electrodes, implying a decrease of the
cation/free solvent contributions.

It is interesting to mention that hydrated cation
(Na*nH,O, n=1 or 2) transfers at the electrode/electrolyte
interface with a higher kinetics than dehydrated one (Na*),
as shown in Figure 5. This can be explained by putting for-
ward the existence of shallow electroactive sites close to
the edge of ERGO layers and deep electroactive sites lo-
cated in the inner of ERGO layers with higher activation
energy (E,)for ion adsorption, which has been demon-
strated in another 2D material, Ti;C.Tx MXenes*+. The shal-
low electroactive sites are quite accessible for hydrated cat-
ion adsorption due to lower E, for ion adsorption, leading
to high transfer kinetics. However, deep electroactive sites
are exclusively approachable for cations only after remov-
ing their hydration shell, which requires much more en-
ergy and results in lower transfer kinetics of Na*.

It has been demonstrated that during charge-discharge
cycles, the exchange of ions between electrode and electro-
lyte is often accompanied with free solvent flux to satisfy
the dimensional confinement of the electrode materials3°.
Moreover, the solvent exchanged often plays an important
role in electrode’s viscoelasticity through plasticizing ef-
fect®s. For ERGO electrodes, exchanged free H,O and
global H,O were calculated using Eqs. 6 and 7, where
global H,O represents the sum of free H,O and the H,O
molecules within the hydration shell of cations:
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Figure 5. Theoretical curves of Am/AE(w) transfer functions
for ERGO electrodes at -0.2V and 0.2V (a, b). The details for
fitting are shown in Figure Ss. (HF: high frequency and LF: low
frequency).
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As shown in Figure S6-A and B, the increased H,O ex-
changed between electrode/electrolyte interface in ERGO-
1 from cathodic to anodic potentials (except -0.4 V) brings
about progressively stronger plasticizing effect, contrib-
uting to the decrease of electrode’s viscosity, i.e., lower G”
(Figure 2C). Contrarily, in ERGO-2 and ERGO-3, less H,O
exchanged from cathodic to anodic potentials which may
account for a higher G" (Figure 2C). Briefly, the viscoelas-
ticity of the ERGO electrodes can be tuned through adjust-
ing the content of the hetero-oxygen groups on its layers.
More flexibility and less viscosity is expected during the
process of removing oxygen functional groups.

CONCLUSIONS

The present study exhibited the significance of an inte-
grated methodology of electroacoustic, EQCM and AC-EG
measurements to probe the viscoelastic and electrochemi-
cal evolution of ERGO electrodes with different content of
oxygen functionalities. During electrochemical cycling,
two important parameters for describing the viscoelasticity
of thin film ERGO electrodes, i.e., the storage (G ") and loss
moduli (G ”) are estimated. The viscoelastic parameters ob-
tained from the electroacoustic admittance were further
utilized to estimate the deviation of the sensitivity coeffi-
cients of the quartz crystal microbalance when it is not un-
der the gravimetric regime and thus provided the differen-
tiation of the effect of the mechanical property changes
from purely gravimetric responses.

This combined research methodology can also be em-
ployed to obtain insights into the electro(chemical and
mechanical) behavior for other 2D materials and might
pave the way to understand the charge storage mechanism,
facilitating the fabrication of highly efficient SC electrodes
with ion-selective properties and superior long-term per-
formances.

ASSOCIATED CONTENT: Supporting information availa-
ble: Theoretical considerations for electroacoustic imped-
ance and AC-EG methods providing further experimental
data, fitting procedure details and the models used in the
data analysis.
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