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Abstract

Graphene has numerous potential applications in ultrathin electronics. There an electrode should function in contact with
fluids and under mechanical stress; therefore, its stability is specifically of concern. Here, we explored a custom-made quartz
crystal microbalance (QCM) sensor covered with wet-transferred large-scale monolayer graphene for investigation of an
electrode behavior. Monolayer graphene was found to be stable on an oscillating substrate in contact with air and liquid.
Under the liquid flow and simultaneously applied electrochemical potential, we managed to induce graphene oxidation,
impact of which was observed on a quartz crystal microbalance monitoring and Raman spectra. Applied potentials of 1 V
and higher (vs. Ag/AgCl reference electrode) caused graphene oxidation which led to loss of the layer integrity and erosion

of the material.

Introduction

Graphene is one of the most intensely studied materials due
to its’ unique electrical properties [1, 2]. However, a practi-
cal implementation of graphene-based electronics for moni-
toring of biological systems still faces several obstacles. One
of the challenges is an inert and highly hydrophobic surface
of graphene that leaves only few routes for its functionaliza-
tion [3, 4], for example, interactions of pi—pi stacking with
selective molecules [5] or aromatic fragments of proteins
[6]. Several other routes exist that increase surface com-
pliance come at a price of a partial loss of an electronic
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properties. Treatments with oxygen plasma, deep UV, or
ozone [7, 8] increase surface hydrophilicity by introducing
evenly distributed oxygen-containing functional groups on
the surface that can be further utilized for covalent reactions
[9].

Another possible route to create similar functional groups
would be an electrochemically controlled anodization of gra-
phene [10]. Our research provides insight on this process
carried out with chemical vapor deposition (CVD)-grown
monolayer graphene. Quartz crystal microbalance with
dissipation monitoring (QCM-D) is largely employed for
investigation of surface properties of variety of conven-
tional conductive and dielectric materials, as well as their
interactions with aqueous environments. Monitoring of an
oscillation energy dissipation provides additional insights
about a layer structure. Objective of the current work is to
investigate large-scale CVD graphene layer anodization
using custom-made graphene/SiO, QCM sensors and Raman
spectra mapping.

Experimental details

CVD graphene was purchased from Graphenea, Spain. The
graphene/copper foil was coated with~200 nm thick layer
of PMMA, placed in 0.1 M ammonium persulfate solution.
After complete etching of the metal, the graphene/PMMA
stack is fished and transferred to a Milli-Q water for removal
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of residual by-products. After that, it is fished on top of a
QCM sensor, dried overnight at room temperature, and
annealed at 160 °C for 1 h. Finally, PMMA is removed by
washing in hot acetone. SiO,-coated QCM sensors were pur-
chased from QSense, Sweden.

Cyclic voltammetry and amperometry were performed
with a BioLogic potentiostat (BioLogic, France) that was
connected to a microfluidic chamber with an electrochem-
istry microfluidic module on a QCM-D setup from QSense.
An electrochemistry module consists of a working electrode
(QCM sensor surface), a platinum counter electrode, and
an Ag/AgCl reference electrode (Dri-Ref, World Precision
Instruments, USA).

Confocal Raman microscopy was performed using an
alpha300R setup (WITec, Germany). Illumination of the
sample is performed using a 532 nm excitation line from a
single-mode frequency-doubled Nd: YAG laser via a 100-pm
single-mode glass fiber. A Zeiss LD EC Epiplan-Neofluar
50x/0.55 objective and the laser power at the sample behind
the objective that is 0.3 mW to avoid the damage of the
sample were used. An edge filter was used to separate the
Raman signal from the excitation line. Confocality of the
Raman signal was achieved via a 50 pm multi-mode fiber-
glass between the microscope and the Raman spectrometer,
where the fiber serves as a pin-hole. The Raman spectrom-
eter was equipped with a holographic grating of 600 lines/
mm. As a detector, a Newton Andor EMCCD camera with
1600 %200 pixels was used. With this configuration, a
spectral resolution of about 2 cm™! was obtained. All data-
sets were analyzed using cluster analysis and non-negative
matrix factorization.

Results and discussion

Sensor fabrication and evaluation of deposited CVD
graphene

A QCM sensor consists of a polished quartz crystal sand-
wiched between two gold electrodes. An alternating poten-
tial applied between the electrodes results in oscillations of
a crystal. Under certain potential, a crystal oscillations reach
resonance, creating a standing wave. Upper electrode is
coated with materials, thus, creating a surface that is facing
a solution. Deposition of layers on a sensor surface results in
shifts of the resonance frequency, allowing sensitivity of ng/
cm? in an experiment [11]. Scheme of a SiO, sensor layers
with a transferred CVD graphene layer is shown in Fig. 1.
Prior to graphene deposition, fundamental frequencies of
Si0,-coated sensors were recorded in air 3 times at 21 °C
for each sensor to account for changes caused by different
mounting stresses from a QCM measurement chamber.
A sensor is placed in a chamber for a measurement and
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Fig.1 A cross section of layers of a custom-made sensor after gra-
phene deposition and positioning in a chamber. Not to scale. Ti and
Cr adhesion layers on Au-quartz and Au-SiO, interfaces are not
depicted

stabilized for some time to achieve an equilibrium of tem-
perature and adsorbed layers until changes are below 0.1 Hz
in 10 min. Same procedure is repeated for sensors after gra-
phene deposition and decrease in recorded resonance fre-
quencies implies deposition of material. Total changes in
normalized 13th resonance frequency are shown in Table 1.
For Sensor 1, a decrease in f;; was — 54 & 13 Hz and for Sen-
sor 2: — 85+ 6 Hz. Am is recalculated based on these values
and Sauerbrey equation:

Af,

bl
n

Am = —Cqepm

where Cqcy is the mass sensitivity constant (17.7 ng cm™2
Hz! for quartz), Af, is the absolute change in the resonance
frequency, n is the overtone number, Af,/n is the normalized
frequency change.

After that a surface area of an ideal monolayer graphene
that would correspond to this mass is estimated using a theo-
retical value 0.76 mg/m? for mass density of an ideal mon-
olayer graphene. This theoretical value comes from known
atomic distances in a graphitic lattice and a mass of a carbon
atom.

Observed mass changes correspond to a surface area big-
ger than a total area of a sensor (1.54 cm?). By dividing an
estimated surface area by a sensor area, and it was deter-
mined that a mass corresponding to~ 13 and 20 layers of
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Table 1 Monitoring of a large-scale CVD graphene deposition on SiO, QCM sensors

Af\; normalized, Hz Am, pg Surface area of graphene, cm? (if an  Number of ideal ~ Average of CVD graphene
ideal monolayer is assumed) monolayers layer thickness on the sensor,
nm
Sensor 1 —-54+13 1.49 19.6 12.8 4.02
Sensor 2 -85+6 2.33 30.7 20.0 6.70

ideal monolayer graphene was deposited on sensors. These
findings match up to a previous report [12] where deposited
CVD graphene layers were removed from QCM sensors with
oxygen plasma with continuous monitoring in the process.
Authors also indicate 14-19.7 multilayering of graphene
calculated from QCM resonance frequencies changes. High
numbers of estimated layers can be accounted to several rea-
sons. First of all, it was demonstrated that wet transfer results
in wrinkles in a layer and folds of a sheet [13—15] and both
of these features would increase measured mass. Second,
water molecules that can be trapped between a graphene
layer and a surface [16, 17] resulting in an increased mass.
At last, molecularly thin PMMA residues that remain on the
surface of graphene after annealing [18] can also contribute
to overall mass increase.

Stability of sensors in a QCM experiment was tested
in air and in liquid. Sensors were left for extended period
of time without a liquid in a chamber, and changes were
monitored. After initial segment of equilibration to the set
temperature resonance frequencies remained stable with a

Fig.2 QCM monitoring of an A 1.0V 1.0V
electrochemical treatment. a

Normalized frequency (blue,

left axis) and dissipation 14
(orange, right axis) during 2 N
cycles of linear voltage sweeps 1:;
(10 mV/s) inrange (— 1;+ 1) V L<]|:

vs Ag/AgCl. Gray bars indicate

small drift of ~0.5 Hz/h that may arise from uneven pressure
from the chamber and is insignificant for the duration of a
regular experiment that takes 1-2 h. The same behavior was
observed for sensors in contact with liquid (Milli-Q water) in
a chamber. The absence of frequency shifts during the equi-
libration indicates that graphene layers are stable on SiO,
surface despite oscillations of a surface that occur during
the measurement.

Monitoring of graphene layer under applied
potentials

To determine electrochemically active surface area, cyclic
voltammetry with 1,1-Ferrocenedimethanol (0.6 mM in
100 mM KCl) was conducted. Linear potential sweep with
a scan rate 1 V/s was applied in a potential interval (— 0.2;
+ 0.6) V vs Ag/AgCl. During this part of characterization,
no rapid changes in frequency or dissipation were revealed.

The layers were pre-treated by linear voltage sweeps with
scan rate 10 mV/s in potential range (— 1; + 1) V (vs Ag/
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AgCl). In Fig. 2a, changes in frequency, Af};, and dissipa-
tion, AD;3, for 13th overtone are represented. We observed
abrupt shifts at times when applied potential values reached
+ 1 V (vs Ag/AgCl). After this treatment, oxidative and
reductive currents of the probe decreased (Fig. 2b), despite
an expectation that anodization of an electrode increases an
electroactive surface area of graphitic materials [19]. An
increase in resonance frequency of QCM signifies that mass
is removed from the sensor. If a physical surface area of
the electrode is eroded, then it would explain reduction in
recorded currents.

The layers were further investigated by simultaneously
applying short potential pulses under the flow of 100 mM
KCl electrolyte. Duration of each voltage pulse was 10 s
(Fig. 2c and d). During pulses of 0.1 V,0.2 V,0.3V, 0.4V,
0.5V,0.6V,0.7V,0.8V,and 0.9V, frequency and dissipa-
tion did not deviate from the established baselines (area a
on Fig. 2¢). Currents recorded had values below 0.05 mA,
except from the last 2 s of 0.9 V pulse when the current
increased to~0.06 mA (Fig. 2d). When 1.0 V pulse was
applied, it caused shifts of frequency and dissipation (spike
b in Fig. 2¢). A rapid decrease of frequency is followed by
an increase (area ¢ in Fig. 2c), but the dissipation contin-
ues to increase after the initial offset. The 1.1 V pulse was
applied before equilibration of the process was achieved
(spike d in Fig. 2¢). This pulse caused a similar pattern (area
e in Fig. 2¢), where we attribute a decrease in frequency to
restructuring of adsorbate water layers caused by their inter-
actions with graphene electrode, and a following increase—
to a partial loss of graphene layer (see also Fig. 3 and its
discussion). Without further pulses applied, the system spon-
taneously reached a new equilibrium state with a frequency
value above the baseline but increased dissipation (area f in

Fig.3 Raman spectra maps of A
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Fig. 2c¢), similarly to a state caused by linear sweep-related
restructuring. A positive frequency shift means desorption
of the material from the sensor. Time between start of pulses
2 and 4 and local minimums of frequency in areas 3 and 5
is around 50 s—it is clear that a change in frequency shift
directionality is not related to an end of a voltage pulse.
Levels of currents recorded for 1.0 V and 1.1 V are sig-
nificantly higher than for previous sweeps (Fig. 2d). Total
charge passed during 1.0 V pulse is 1.98 mC and during
1.1 V pulse—9.21 mC. We attribute these increased currents
to anodization of graphene. During that process, most of
the charge is consumed by oxygen-involving reactions [20].
Oxygen oxidation reaction—oxidation of water molecules
to molecular oxygen, starts at potentials around 1 V vs Ag/
AgCl on carbon materials [21-23] and leads to a variety of
oxygenated groups produced on graphitic surface [24]. This
would lead to a mass increase of the sensor layer. However,
we suggest that an overall response to a layer oxidation is
dominated by the layer fracturing and detachment of gra-
phene sheds, as implied by the mass decrease, the decrease
of the redox current magnitude (Fig. 2b), and no change in
peak-to-peak separation of the redox current (Fig. 2b). Fur-
ther inspection with the Raman spectra mapping confirmed
this suggestion.

Surface investigation with Raman spectroscopy

Figure 3a and b depicts components of the recorded Raman
spectra of a sensor before and after its electrochemical
treatment. After the transfer (Fig. 3a), a layer has a typi-
cal CVD graphene spectra, which can be separated into
two components: an ideal graphene spectra with I and
I peaks on 2700 and 1600 cm™! [25, 26] and their ratio

=

1. Edges fractured by oxidation

10 pm

2. Sheds removed by the flow
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Ig/Ig>1 (red spectra and areas on Fig. 3a), and areas of
folded layer with an additional disorder-induced I, peak
at 1300 cm™! an intensity ratio I5/I; < 1 (blue spectra and
areas on Fig. 3a). These folds may be accountable for an
increased layer mass measured with QCM after the trans-
fer. After oxidative treatment, the most noticeable are two
changes: appearance of bare areas without graphene (black
areas on the map in Fig. 3b), and huge fluorescence signal
(green spectra and areas in Fig. 3b). Fluorescence may arise
from two components of a post-anodization system. First
are clusters of amorphous carbon formed by re-adhered
graphene layer sheds [27]. Second is residues of the redox
probe 1,1'-Ferrocenedimethanol. Coupling of ferrocene
(an organic m-system) compounds to a graphitic lattice was
observed for carbon materials [28].

We suggest that applied potentials cause micro-fractur-
ing of the graphene due to a strain inflicted by sp>-bonded
carbons of oxygenated groups on sp lattice of graphene.
These groups are not evenly distributed through an elec-
trode basal plane, but mostly are lined along the edges of
grains that appear during growth or cracks that appear dur-
ing wet transfer [29, 30]. That leads to detachment of pieces.
Anodization of highly ordered pyrolytic graphene results in
increase of surface roughness [19] and subsequent fracturing
[20, 31]. Similar process would explain our observations.
Then these fractures cause detachment of graphene sheds
from an oscillating substrate, which are then carried away
by the flow with some of the sheds re-adhering to the surface
(Fig. 3c). Increased roughness of the surface would account
for increased dissipation recorded by QCM; however, addi-
tional changes of adsorbate layers may have a part in that.
Wettability and water viscosity of the contact layer are dif-
ferent for hydrophobic and hydrophilic surfaces [32]. When
an area of graphene is substituted by underlying hydrophilic
Si0,, restructuring of adsorbate layers will occur.

Conclusions

Quartz crystal microbalance method provided insights in
an ideality of large-scale CVD graphene layers created via
a wet transfer method. It was shown that the transferred
CVD graphene layer has higher mass than expected from
an ideal abstract layer, presumably due to corrugations of
the layer. Oxidation of the layer by applied high potential
did not happen uniformly over the basal plane, but rather
destroyed the layer integrity at the weak spots, leaving the
rest of the surface unchanged. Degradation of the layer by
potentials of over 0.9 V (vs Ag/AgCl) was directly recorded
by simultaneous QCM monitoring.
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