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Electrodes for electrochemical reduction of graphene oxide (GO)
are coated with thin films using drop-casting and evaporation-
assisted self-assembly. The influence of loading, the size of the
flakes of GO, and the macroscopic coffee-ring effect occurring
during drying are investigated. The effective transfer of protons and
electrons in the electrochemical reduction of GO is decisive.

Electrochemically reduced graphene oxide (ERGO) can be gen-
erated facilely and be widely used for various electrochemical
sensors.” ERGO-modified electrodes are primarily prepared as
thin-film materials on conducting substrates by drop-casting in
basic and applied research.”™* Thus, ERGO has been studied as
an electrochemically active material.> ! Moreover, the electro-
chemical reduction of GO was studied under acidic and basic
pH and in organic media. The C/O ratios determined by XPS
were identified to be 3.8, 7.8, and 1.8, respectively. The
presence of protons in acidic and alkaline media and water
as a proton donor make the reduction more efficient. The role
of protons (H") plays an essential role in the reduction mecha-
nism of GO."” In another study, the essential role of H' in the
electrochemical reduction was identified by recording linear
sweep voltammograms by lowering the pH values. Thus, the
potentials of the reduction peaks shifted negatively with
increasing pH values.’> ERGO can generally be obtained by
cyclic voltammetry and chronoamperometry.'* Some reports
use cyclic voltammetry and identify the reduction of different
kinds of oxygen functional groups at different potentials.'®
However, generally speaking, the surfaces of GO and oxo-
functionalized graphene (oxoG: derivative of GO with defined
structures), respectively, are decorated mainly with hydroxyl
groups that formally need one electron and one proton for
reduction and epoxy groups that require two electrons and two
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protons for reduction, since they must first be opened for
transformation into hydroxyl groups.

These reactions may not only be influenced by the applied
voltage but also by the GO itself, such as the degree of oxida-
tion, the size of the flakes, the amount of loading, etc. Bonanni
et al. showed that oxidative debris in GO determined the
inherent electrochemical activity.® It was reported that the
thickness of GO films influenced the performance of electro-
des, as defined by the amount of loading. Thus, with increasing
GO loading, the reduction rate decreased. A possible reason
reported was that functional oxo-groups blocked the electron
pathway between the sp® carbon regions, preventing carrier
transport, thus leading to a decrease in reduction rate.” It was
shown in recent studies that the size of the flakes of GO and the
thickness of the films had a significant effect on the perme-
ability of water, ions, and organic molecules,'®'” and it was
noted that the mechanism of electrochemical reduction was
not fully understood and must be further studied."®

Here we show that the electrochemical potential and thus
the reduction rate needed to reduce oxoG are determined by the
interaction with the electrolyte, loading of oxoG, coffee-ring
effect, and size of the flakes. We use 0xoG in this study, instead
of common GO, which is a derivative of GO with defined
surface chemistry and density of lattice defects, as described
in detail in recent studies."®?° Different sizes of flakes were
obtained by ultrasonication. The obtained materials were
dropped on the surface of a glassy carbon electrode (GCE) for
electrochemical reduction. First, we use different sizes of flakes
(from 18.2 to about 0.1 um) with the same loading; then, we
change the loading (from 40 to 6 pg) with the same flake size.
From the areas of the reduction peaks and X-ray photoelectron
spectroscopy (XPS) spectra, we conclude that the size of the
flakes and the loading have significant impacts on the electro-
chemical reduction.

First, oxoG was synthesized according to our previously
described procedures, as described in brief in the ESL{ As
shown in Fig. 1A and B, the lateral dimension of the initial
flakes of oxoG obtained after centrifugation is 18.2 pm (0x0Gy).
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Fig. 1 Optical microscopy images of oxoG on an Si/300 nm SiO, wafer and corresponding histograms of the size distributions of oxoG flakes: oxoGg
(A and B), 0x0Gg s (C and D), oxoGsg s (E and F), 0x0G1 min (G and H), 0xoGy min (I and J), 0x0Gag min (K and L) and 0xoGigg min (M). (N) AFM image of
0x0Gipo min flakes on Si/SiO, wafers and (O) corresponding height profile. (P) Sizes of flakes of oxoG for different sonication times.

Different times of sonication were used to produce flakes of
oxoG with different sizes of flakes, and the samples are denoted
according to the various times of sonication as oxoG, (index:
sonication time, between 10 s and 100 min). Accordingly,
electrochemically reduced oxoG with varying times of sonica-
tion is termed as ERoxoG,. In Fig. 1C-L, the optical microscopy
images of the oxoG series of flakes and the histograms of the
size distributions are presented. Some tiny particles can be
observed in the optical microscopy image of 0x0Gipo min,
Fig. 1M. The AFM image in Fig. 1N reveals at least small
particles, <100 nm, including plausibly oxidative debris. The
corresponding height profiles are depicted in Fig. 10. Thus, the
sonication process yields flakes with average lateral dimensions
of 2.8, 1.8, 1.3, 0.79, 0.26 um, and less than 0.1 um, respectively.
The different sizes of flakes of 0xoG obtained after sonication
versus time are also shown in Fig. 1P, basically following the
rational findings, which we identified before, taking the
mechanical force during sonication into account.>?* Only
ten seconds of sonication are needed to reduce the mean lateral
dimensions of the flakes to 5 um, and after five minutes of
sonication, the sizes of the flakes are below 1 pm. To ensure the
reproducibility of the sonication process, we fixed a vial with an
aqueous dispersion with a content of 1 mg mL ™" of 0x0G, in the
same position of the sonicator.

For electrochemical reduction, 6 pg of oxoG were deposited
on the surface of a GCE. The electrochemical reduction of

This journal is © the Owner Societies 2022

0x0G100 min Was accomplished under a pH of 7.4 for reference
by cyclic voltammetry and the obtained graph is shown in
Fig. S1 (ESIf). The black line represents the first scan, and
the red lines show the remaining 4 scans, indicating the
complete reduction after the first cycle. Further cycling of the
potential reveals no additional reduction peak, indicating that
the removal of oxo-groups of 0x0G1¢ min iS complete after the
first scan.>® The cyclic voltammetry (CV) curves of all the
samples are depicted in Fig. 2A, and the areas of the reduction
peaks are shown in Fig. 2B. We obtained the total charge
passed during the reduction process by integration of the areas
of the reduction peaks.

The electrochemical reduction process can be expressed as
follows:

GO + gH' + ne” — ERoxoG + bH,0O

The moles of transferred electrons are calculated by the equa-
tion as follows:"""

-2
T zZF

where n is the number of moles of electron transfer, Q is the
overall charge, obtained from the reduction peak of Fig. 2A, F is
the Faraday constant, and z is the number of exchanged
electrons per oxo-group. Therefore, we use the area of
the reduction peak to conclude the amount of reduced
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Fig.2 (A) Cyclic voltammograms obtained from electrochemical

reduction of different sizes of oxoG scanned over the full range of 0 V
to 1.25 V or 1.3 V. Conditions: supporting electrolyte: an Ar-saturated PB
(phosphate puffer) at pH 7.4; scan rate: 100 mV s~L. All starting potentials
are relative to the Ag/AgCl reference electrode. (B) Comparison of the
reduction peak areas. (C) A noticeable ‘coffee ring’ appears after oxoGg
(6 pg) is dried on the GCE. (D) Schematic diagram of the electron and
proton transfer during reduction of oxoGg (top) and 0xoGigg min (bottom).

oxo-groups. It can be seen from Fig. 2A that as the flake size
decreases, the reduction peak gradually shifts to less negative
potentials (from —1.1 V to —0.9 V), while the area of the
reduction peak first decreases and then increases. The gradual
shift of the reduction peak to the right means that the
reduction rate of small-sized oxoG is increased. However, the
reduction peak area of 0X0Gigo min, Which owns the smallest
flakes is much larger than that of 0X0G4o min, Which is almost
equivalent to that of 0xoG,. This means that the reducible oxo-
groups of the oxoG film increased after sonication with decreas-
ing size of the flakes. It has been reported that ultrasonication
can increase the oxidation degree of GO when the GO has a
weak oxidation degree.>* However, we found that it is not the
sonication process that increases the degree of oxidation of
0x0G1po min and it is thus not responsible for the increased
reduction peak. We investigated by XPS measurement the effect
of functionalization as a result of sonication time for the
samples of 0x0G, and 0X0G10o min, Which have almost the same
reduction peak, and 0x0Gy min, Which has the smallest
reduction peak area.

Fig. 3A illustrates the XPS survey spectra of 0x0Gy, 0X0G4 min,
and 0x0G1¢p min- The C/O ratio of oxoG is 2.1 and changes to 3.1
for 0x0G4 min and 3.2 for 0xoG;gp min- It can be seen that the
oxygen content first decreases with sonication. However, as the
sonication time is extended, the C/O ratio remains almost
the same. High-resolution C 1s XPS spectra of all the samples
can be deconvoluted into three peaks (Fig. 3B). The peak at
binding energies of 284.8 eV corresponds to C=C sp® bonds.
For the rest of the peaks, especially the C-O peak intensity at a
binding energy of 286.7 eV decreases obviously with the
prolongation of the ultrasonication time, which may be a
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Fig. 3 (A) XPS survey spectra and (B) high-resolution C 1s XPS spectra of
o0x0Gg, 0x0Gy min, and oxoGigo min Showing the changes of oxygen
functional groups after sonication.

consequence of local energy not dissipating using a sonication
bath.**>*> When the size of the flakes and the degree
of oxidation is reduced, the corresponding materials (e.g,
0x0G1gp min) can be further reduced electrochemically. From
the reported permeability studies of GO films, we speculate that
this is related to the permeability of the oxoG film to water
formed by drop casting.?*>” GO films produced by evaporation-
assisted self-assembly have a random morphology with some
ring-shaped patterns (coffee-ring effect) (Fig. 2C) and the films
have a very low pervaporation performance.*>>***?° As shown in
Fig. 2D, for the coffee-ring, the ring area is thicker than the
edge. However, we hypothesize that for a membrane composed
of small flakes (0x0Gioo min), the electrolyte permeability is
better at the ring than for larger flakes (0x0Gy), and the rate of
reduction thus increases.

To confirm the above speculation, we increased the loading
of 0xoG, from 6 pg for recording CVs shown in Fig. 2B to 40 ng,
as depicted in Fig. 4A, and 20 pg in Fig. 4D to capture the
influence of the film surface during the reduction (insets are
taken from Videos S1 and S2, ESIY). In Fig. 4A and C, with 40 pg
of oxoG on the surface of the GCE, a thick film is generated
(concentration of oxoG solution was around 5 mg mL ™" to
reduce the coffee-ring effect). The voltage range is from 0 to
1.5 V, with a scan rate of 50 mV s~ . A progressively larger black
ring can be observed from the inset images when the voltage is
driven from —1.0 to —1.5 V. Only the edge of the film is directly
and simultaneously in contact with the electrolyte and elec-
trode surface at the potential of —1.0 V (bottom of Fig. 4C). It
can be observed that the reduction advances slowly from the
edge of the film to the center (Fig. 4B). So, we can speculate that
the water and H' cannot penetrate the film, and the H'
required for the reduction reaction comes from the water
adsorbed in the oxoG layer.”?° The curve in Fig. 4D shows
the completion of the reduction process at —1.4 V. To facilitate
the observation of the whole reduction process, the sweep
speed is set to 50 mV s~ '. No significant change of the colour
of the film’s surface is observed before reaching the potential of
—0.9 V, as the inset photographs show. In the course of
reduction, a black central area and edge area appear at the
potential of —1.15 V, indicating that some of the areas had been
reduced. When the voltage reaches —1.22 V, the black area on
the film’s surface expands simultaneously from the center to

This journal is © the Owner Societies 2022
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Fig. 4 (A) Cyclic voltammograms obtained from the electrochemical

reduction of oxoGg scanned over the full range from 0 to —1.5 V. The
loading of the GCE is 40 pg. Scan rate: 50 mV s~2. Insets: Images of the film
on the GCE at the potentials of —1.0, —1.2, —1.4, and —1.5 V. (B) Schematics
of electron transfer for oxoGq reduction at the potentials of —1.0 and
—1.4V (loading: 40 pg). (C) Top: cross-sectional view of the film formation
process on the glassy carbon electrode; bottom: cross-sectional views at
—1.0 V in Fig. 4A and B. (D) Cyclic voltammograms obtained by the
electrochemical reduction of oxoGg scanned over the range from O to
—1.4 V; the loading of the GCE is 20 pg. Scan rate: 50 mV s~ Insets:
Images of the film on the GCE at the potentials of —0.9, —1.15, —1.22, and
—1.4 V. (E) Schematics of electron transfer for oxoGg reduction at the
potentials of —0.9 and —1.15 V (loading: 20 pg). (F) Top: cross-sectional
view of the film formation process on the glassy carbon electrode;
bottom: cross-sectional views at —0.9 V in (D) and (E). All starting
potentials are relative to the Ag/AgCl reference electrode.

the edge and from the edge to the center. This phenomenon is
explained in the schematic of Fig. 4E. Fig. 4F shows the cross-
sectional view of the film formation process on the glassy
carbon electrode and the cross-sectional view at -0.9 V. It is
difficult to use the camera to observe the changes in the
electrode surface clearly when the loading is 6 pg. In order to
increase the clarity of the video, we use a 20 pg loading to detect
the coffee-ring effect of Fig. 4D (the concentration of the oxoG
solution was 1 mg mL™'). Fig. 4D shows the results with a
loading of 20 ng. The film derived from the coffee-ring effect is
not uniform (Fig. 4F, top). The water and H' can only penetrate
the thinner central area. Therefore, the permeable central area
and the edge of the film can be reduced through the electrolyte.
Thus, the required H' for reduction is delivered from the
electrolyte. In contrast, the reduction of other areas requires
H' from water in the oxoG layer, a highly pH-sensitive process,
requiring more negative potentials at the pH of 7.4, as used
here. Based on the above findings, we conclude that when the
loading is small, the coffee-ring effect is more obvious, and the
part of the film near the edge is thicker than that of the center,
which makes it impermeable for the H" and water, leading to a
reduced reduction rate and efficiency of electrochemical
reduction.

In Fig. 2A, the reduction efficiency and rate are improved
when the flakes are small, especially for 0x0G;00 min- Thus, the
film composed of small-size flakes has a better permeability to
electrolytes.

Overall, we investigated the reduction of films of flakes of
0x0G on a GCE with lateral dimensions between 18 um and less
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than 100 nm. Drop casting a small amount of 0xoG solution on
a GCE will cause the coffee-ring effect. In this case, the electro-
chemical reduction is divided into two processes: the electrolyte
can directly provide H' for the reduction, when the electrolyte
can penetrate the film. The process occurs at the central area
and edge of the film. When the film is impermeable, the H"
stems from the water adsorbed on oxoG, at a pH of 7.4. The
0x0G film composed of small flakes (0x0G1pp min) has good
permeability and can weaken the drawback of the coffee-ring
effect on the electrochemical reduction. Consequently, the
electrochemical reduction of oxoG is affected by both the size
of the flakes and the loading. This work provides inspiration for
the electrochemical functionalization of two-dimensional (2D)
materials and the design of 2D composite materials. It is shown
that the reduction of oxoG may occur at very different poten-
tials, although the materials compositions are very similar,
however, with varying sizes of flakes. We further conclude that
the permeability of the films has a very important effect on the
reduction potentials. Thus, if the 2D materials are used as an
electrocatalyst or sensing material, the performance will alter
with the morphology, as quantified by reducing oxoG in this
study. Thus, the results indicate that they appear beneficial for
applications, since the composite materials containing GO are
permeable to electrolyte molecules to increase electrode
performance.
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