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Abstract: Stacked graphene oxide (GO) proton mem-
branes are promising candidates for use in energy
devices due to their proton conductivity. Identification
of through-plane channels in these membranes is critical
but challenging due to their anisotropic nature. Here, we
present an electrochemical reduction method for identi-
fying and quantifying through-plane proton channels in
GO membranes. The simplicity lies in the operando
optical observation of the change in contrast as GO is
electrochemically reduced. Here, we find three proton-
dominated three-phase interfaces, which are critical for
the reduction reactions of GO membranes. Based on
these findings, a method is proposed to identify and
quantify through-plane channels in stacked GO proton
membranes using a simple three-electrode device in
combination with real-time imaging of the membrane
surface.

Proton exchange membranes are important key compo-
nents for the development of a new generation of energy
devices, such as proton exchange membrane fuel cells or
redox flow batteries.[1] In addition, proton exchange mem-
branes have been used in reactors for the electrochemical
synthesis of specific products.[2] In this context, two-dimen-
sional (2D) materials have been studied as proton exchange
membranes. Some 2D materials exhibit promising proton
conductivity, such as CdPS3 nanosheets and others.[3] GO is
a unique material with hydrophilic surface functional
groups, which possesses excellent gas barrier properties,
making GO stacked membranes an ideal candidate for
proton exchange membranes.[1–2,4] Proton transport in GO
multilayers is faster than in monolayers.[5] In 2013, pure

stacked GO membranes were used for the first time in fuel
cells with proton conductivity values similar to Nafion
membranes.[6] However, the high-tortuosity through-plane
channels in stacked GO membranes, which are several
orders of magnitude longer than the membrane thickness,
makes proton transport performance in through-plane
direction much lower than in-plane transport.[4,7] To mitigate
the anisotropy in proton transport between through-plane
and in-plane directions, researchers have proposed the
construction of multidirectional proton conduction
channels.[8] Although through-plane proton conductivity in
GO membranes has been tested using a complex and
environmentally demanding impedance analyzer-coupled
membrane test system,[4,8a] efficient low-tortuosity through-
plane channels (abbreviated in the text as through-plane
channels) have not been effectively identified.11 In order to
screen high-performance GO proton membranes more
efficiently, it is essential to explore simpler and more direct
methods for identifying efficient through-plane channels.[9]

Electrochemical reduction of GO is well studied and
reduced GO is formed.[10] Protons and electrons are directly
involved in the reaction during the reduction process, as
shown in the following reaction equation:[10–11]

GO sð Þ þHþ þ e� ������!ERGO sð Þ þH2O (1)

According to Equation 2, the area of the reduction peak
can be used to calculate the number of electrons transferred
and thus, the approximate number of protons transferred.
With n=number of transferred moles of electrons, Q= total
charge obtained from the reduction peak, F=Faraday
constant and z=number of electrons exchanged per oxygen
group.

n¼
Q
zF (2)

Previous studies on the mechanism of the electrochem-
ical reduction of GO membranes revealed that three phases
are involved, which are exposed to relevant interfaces.
Accordingly, the electrochemical reduction process is ex-
plained by a three-phase interface (3PI) model, accounting
for interfaces of GO-substrate-electrolyte and the electro-
formed interface GO-ERGO-electrolyte.[10,12] In Figure 1A,
the evolution of the ERGO is depicted, based on the two
3PI models.

In the electrochemical reduction of GO membranes,
electron conduction determines the electrochemical reduc-
tion process.[10,12b] However, the 3PI model was previously
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proposed in the study of the Fray-Farthing-Chen (FFC)
Cambridge process and referred to a solid oxide (insulator)/
solid metal (conductor)/molten salt (electrolyte) interface.[13]

Therefore, although the 3PI model can be applied to explain
the reduction of GO membranes, the two 3PI models does
not fully account for the chemistry of GO and it does not
account for the anisotropy of proton-conductivity, which
determines the reduction process of GO.

Here, we consider the proton permeability of GO
membranes and based on interfacial reactions identify
proton-dominated electrochemical reduction processes,
which proceed at three three-phase interfaces in the electro-
lyte (3–3PI, Figure 1B). Interpretation of the electrochem-
ical reduction of GO based on 3–3PI models, through-plane
channels with low tortuosity similar to the vertical edge of
GO membranes can be identified and quantified. Accord-
ingly, applying voltammetry and chronoamperometry in a
three-electrode system combined with operando imaging of
optical changes in contrast of the membrane surface allows
to identify and quantify through-plane proton channels.

The preparation of GO is described in Supporting
Information and based on our previous work.[14] As shown
in Figure S1A and B, GO monolayers are deposited on
300 nm Si/SiO2 wafers and the lateral dimension of GO is
15.1 μm. Average Raman spectra of GO monolayers are
shown in Figure S2A. The relation of the ID/IG ratio and the
full-width at half-maximum (Γ) of the main Raman modes

and the distance of defects (LD) in Figure S2B is based on
the model introduced by Lucchese and co-workers.[15] The
corresponding equations are used to derive LD in SI.
Figure S2C illustrates the XPS survey spectra of GO. The C/
O ratio of GO is 2.2. A typical three-electrode cell suitable
for materials studies includes a reference electrode, a
counter electrode, and a working electrode, as shown in
Figure S3. High concentrations (5 mg/ml) of GO are
dropped on the surface of glassy carbon electrode (GCE) to
avoid the coffee ring effect during the drying process.[11b]

Electrochemical reduction of GO membranes with voltam-
metry and monitoring of membrane color change on the
surface of the working electrode with a camera. The peak
current of the reversible and irreversible voltammogram is
given by Equation 1 and 2 in SI.[16] Proton transport can be
analyzed based on the currents of the reduction peaks,
whether the electrochemical reduction of GO is considered
reversible or irreversible.[12a]

Voltammograms obtained from the electrochemical
reduction of GO scanned over the full range from 0 V to
� 1.7 V are shown in Figure 2A and magnified as shown in
Figure 2B. The loading of GO is approximately 20 μg. The
membrane thickness is about 6.8 μm based on the mem-
brane thickness conversion in Figure S4. The electrolyte is
Ar-saturated phosphate buffer (PB) at pH 7.4 and the scan
rate is 10 mV s� 1. Video S1 shows the color change of the
membrane surface on the GCE. The inset images in
Figure 2A show the color change of the membrane surface
at potentials of � 1.20, � 1.40, � 1.50, � 1.55, � 1.60, � 1.65,
and � 1.70 V, respectively. Based on the electrochemical
reduction peaks and the real-time changes in the membrane
surface, the following results can be deduced. The first peak
shown in Figure 2B reflects the reduction reaction at the
GO-substrate-electrolyte (GSE) interface, which corre-
sponds to the process shown in Figure 2C to 2D. In this
initial reaction, protons are transported directly from the
electrolyte and electrons are transferred directly from the
GSE, so the first reduction peak is at a lower potential, and
the onset potential of the first reduction peak is about
� 0.60 V vs. Ag/AgCl. The second peak reflects the reaction
at the GO-ERGO-electrolyte (GEE) interface, correspond-
ing to the process shown in Figures 2D through 2E. In this
process, protons are transported directly from the electro-
lyte. Electrons, however, are transferred through ERGO,
which has a higher resistance than GCE substrates. We
hypothesize that the protons contact the electrochemical
interface of GO, creating “electron traps”. The process takes
place in the through-plane direction at the edge of the
membrane. The blue area curve (maximum peak) represents
the electron and proton transfer at the GO-ERGO inter-
layer (GEI) interface according to the process shown in
Figure 2D to 2G. In the interlayer, adsorbed water mole-
cules can generate protons through self-dissociation, and
oxygen functional groups in GO as hydrophilic sites attract
interlayer protons.[1,17] Therefore, the protons required for
the GO reduction process come from the interlayers and the
electrons are conducted through ERGO. The electrochem-
ical reduction reaction at this interface makes the reduction
process slower and requires a higher potential than the

Figure 1. A) Electrochemical reduction reaction of GO membranes at
two three-phase interfaces.[10,12] B) The electrochemical reduction of GO
membrane at three three-phase interfaces influenced by proton
permeability in this work. Schematic of the electrochemical reduction
process for GO membranes to ERGO membranes on conductive
substrate in electrolyte.
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previous two interfaces due to insufficient proton transport
and electron conductivity through ERGO.[18] Although the
electrochemical reduction reaction at this (GEI) interface
makes the reduction process slower, the amount of this type
of interface is larger than the others and therefore shows
larger currents at large potential. The vertical edges of
stacked GO membranes can be considered as through-plane
channels. The GSE and GEE interfaces are the interfaces of

the through-plane channels. From the above phenomena, it
is clear that there are no through-plane channels in this
stacked GO membrane except the vertical edges, although
protons can be transported through defect-free monolayers
of graphene.[3a,19]

The electrochemical reduction reaction process of GO
membranes was verified by peeling monolayers in the
electrochemical reduction of GO membranes and determin-

Figure 2. A) Voltammograms (0 to � 1.7 V) of GO reduction. The insets show the membrane images when the potential was applied to � 1.20,
� 1.40, � 1.50, � 1.55, � 1.60, � 1.65, and � 1.70 V, respectively. Curves in different color areas reflect proton and electron transfer at different
interfaces. B) Zoom in voltammograms of GO reduction. C) The state of the membrane prior to the appearance of the first peak in Figure 2A and
2B (at about � 0.60 V). D) The state of the membrane after the appearance of the first peak. Changes in membrane at potentials of � 1.40 V (E),
� 1.50 V (F), � 1.60 V (G). H) Illustration of the process to obtain monolayers near the bottom of stacked membranes (� 1.50 V). I) AFM images of
monolayers near the bottom of stacked membrane that was reduced to � 1.50 V deposited on 300 nm Si/SiO2 wafers. J) Statistical Raman analysis
of monolayers near the bottom of stacked membranes (� 1.50 V) deposited on 300 nm Si/SiO2 wafers.
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ing the reduction of monolayers by statistical Raman
characterization. Reliable Raman analysis of graphene oxide
requires monolayer flakes.[9,20] Therefore, we peeled off the
monolayer near the bottom of the stacked membrane after
the electrochemical reduction reaction at � 1.50 V (Fig-
ure 2F). The method of obtaining the monolayer is shown in
Figure 2H. The stacked membrane loaded on the GCE was
pressed onto the PDMS stamp and then quickly peeled off,
followed by a second pressing and peeling. The membrane
material remaining on the PDMS after the second peel was
pressed onto a 300 nm Si/SiO2 wafer and then quickly peeled
off to find the monolayer in the center of the membrane
contour on the wafer.[9] Atomic force microscopy (AFM)
images of monolayers are shown in Figure 2I. Statistical
Raman spectroscopy of the monolayer was performed and
Figure 2J shows that the ID/IG of the monolayer is 1.20,
which is within the ID/IG range of GO. And the ID/IG of the
ERGO monolayer is 1.82 (Figure S2B). Comparison of the
of defect distance (LD) values shows that GO has a smaller
LD than ERGO, suggesting that ERGO has a smaller defect
density, which is attributed to the removal of oxygen defects
by electrochemical reduction. In addition, the contact angle
of the membrane left on the electrode after PDMS treat-
ment was tested. The contact angle was 33.0° (Figure S5A).
And the contact angle of the ERGO is 67.8° (Figure S5B).
Based on the results, when the voltage is applied to � 1.50 V
using voltammetry, the monolayer near the bottom of the
membrane is not electrochemically reduced. Thus, the
changes to the membrane illustrated in Figure 2E to 2F are
supported.

We further reduced the GO loading on the GCE to
observe the electrochemical reduction of thinner mem-
branes. The GO loading is approximately 10 μg. The
membrane thickness is about 3.4 μm based on the mem-
brane thickness conversion in Figure S4. Voltammograms
obtained from the electrochemical reduction of GO scanned
over the full range from 0 V to � 1.5 V are shown in
Figure 3A and enlarged in Figure 3B. Membrane changes
are better observed at a low scanning rate (10 mVs� 1). The
inset images in Figure 3A show the color change of the
membrane surface at the potential of � 0.90, � 1.15, � 1.20,
� 1.30 V, respectively. The first peak shown in Figure 3A
and 3B reflects the transfer of electrons and protons at the
GSE interface, corresponding to the phenomenon shown in
Figure 3C. The reduction peak 1 represented by the initial
reaction has the same onset potential (� 0.6 V vs. Ag/AgCl)
as in Figure 2B. In this process, protons are transported
directly from the electrolyte and electrons are transferred
directly from the GCE. It’s striking that the area of the
initial reaction peak 1 (the first peak) in Figure 3B is much
larger than that of peak 1 in Figure 2B. According to
Equations 1 and 2, the number of protons involved in the
reaction can be deduced from the area of the reduction
peak. More through-plane channels mean more initial
reaction interfaces. Therefore, the number of through-plane
channels of the GO membranes in Figure 3B is higher than
that of the GO membrane with only vertical edges in
Figure 2. With scanning to � 1.15 V, we observe that a
portion of the membrane surface turns black at the same

time as the vertical edge of the membrane, as shown in the
inset of Figure 3A and Video S2. However, a portion of the
membrane surface turns black at the same time as the edges,
further indicating that there are through-plane channels
except for the vertical edges of the membrane.

Pores associated with folding (Figure S4) and gaps in the
drop-coated membrane, as well as vacancy defects in the
flakes (Figure S2D), may be the origin of through-plane
channels. In this process, the transfer of protons and
electrons at the GEE interface corresponds to the phenom-
enon shown in Figure 3D. Protons are transported from the
electrolyte and electrons are transferred by ERGO. In
contrast to the three reduction peaks in Figure 2B, there are
two reduction peaks in Figure 3A. The reduction peak of
the GEE interface reaction is superimposed on the peak of
the GEI interface reaction. As shown in Figure 3D, due to
the presence of through-plane channels, more GEI inter-
faces react as the GEE interface reaction proceeds. The two
interfacial reactions occur simultaneously and it is difficult
to distinguish the respective reduction peaks. For a thin
membrane, cyclic voltammetry features are subtle, and it is
difficult to quantify membrane through-plane channels or
anisotropy. However, we also used the chronoamperometry
method in conjunction with real-time imaging to investigate
the amount of through-plane channels in the membrane
(Figure S7–8). Therefore, 150 μg of GO were drop-coated
on the surface of the electrode with a length of 1 cm

Figure 3. A) Voltammograms (0 to � 1.5 V) of GO reduction. Inset
membrane images at the potential of � 0.90, � 1.15, � 1.20, � 1.30 V,
respectively. Curves in different color areas reflect proton and electron
transfer at different interfaces. B) Zoom in cyclic voltammograms of
GO reduction. C) The state of the membrane after the initial reaction.
D) Changes in membrane at potentials of � 1.15 V.
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(Figure S7). The I-t curve of the electrochemical reduction
of the GO membrane was obtained by chronoamperometry.
The applied voltage was � 1.4 V vs. Ag/AgCl. Combined
with real-time imaging, the range from the start of the
reaction to the inflection point 1 was determined to be the
curve represented by the GEE and GSE interface reaction.
This is consistent with the phenomenon shown in Figure 2.
There are no efficient through-plane channels such as
membrane edges. In Figure S8, 5 μg of GO were drop-
coated on the surface of the 1 cm electrode to obtain a
thinner membrane. To make it easier to see the color
difference, the drop-coated membrane is partially thicker.
Similarly, the area from the start of the response to the
inflection point 1 was determined to be the curve repre-
sented by the GEE and GSE interfacial response. This is the
curve corresponding to the interfacial reaction of efficient
continuous channels. The areas corresponding to the differ-
ent reaction phases of the I-t curve represent the number of
channels. Thus, the ratio of efficient through-plane channels
to all channels for this membrane was about 44.2%. For
thicker membranes, there are wrinkles in the through-plane
direction (Figure S4). The density of void defects in the
monolayer of the membrane remains constant. Some holes
formed by gaps and wrinkles in the through-plane direction
are easily blocked with increasing membrane thickness. It
can be hypothesized that the holes formed by gaps and folds
in the through-plane direction are the main source of
efficient low-tortuosity through-plane channels.

The interfacial reactions of through-plane channels by
voltammetry are summarized in Figure 4. The initial reac-
tion occurs at the GSE interface with an onset potential of
� 0.6 V vs. Ag/AgCl. Next, we investigated effects resulting
from the size of flakes (Figure 4B). GO10s was obtained after
sonication of GO for 10 seconds with lateral dimensions of
2.7 μm (Figure S1C and D). GO30s was obtained after 30
seconds with lateral dimension of 1.6 μm (Figure S1E and
F). The investigated loadings are all 6 μg. We find that the
onset potentials of the initial reaction interfaces are all -
0.6 V. The reduction peaks, which correspond to the initial
interfacial reactions are shown as colored labels of Fig-
ure 4B. By comparing the reduction peak areas correspond-
ing to the initial interfacial reactions, the ratios of the
amount of through-plane channels are 1 :1.8 : 2.1 correspond-
ing to GO, GO10s, and GO30s (Figure S6). The through-plane
channels increase as the flake size decreases. The smaller
the flakes, the more edges of flakes and sheet-sheet
junctions are formed. It is further verified that the through-
plane channels of the drop-cast membrane mainly originate
from the gaps and holes formed by the irregular stacking of
nanosheets.

It is important to note that a series of previous reports
on the reduction of different species of oxygen groups at
different potentials in the electrochemical reduction of GO
need to be revisited because proton transport as an
important factor affects the reduction process. GO has been
characterized before and does not contain many carbonyl
groups or other groups, which require high reduction
potentials.[10,12b] However, hindered proton transfer proc-
esses lead to overpotential.

Electrochemical reduction of GO is a common method
to obtain reduced GO. In this work, we discovered three
three-phase interfacial electrochemical reduction reactions
dominated by protons. Based on the results, we propose a
method to identify and quantify through-plane channels of
GO proton membranes using electrochemical techniques
and real-time imaging (Figure S9). First, the presence of
through-plane channels is determined by real-time imaging.
The ratio of through-plane channels on GO with different
flake-size is determined to 1 : 1.8 : 2.1, corresponding to GO,
GO10s, and GO30s, based on the reduction peaks of the
initiated reactions obtained by cyclic voltammetry. Further
chronoamperometry was combined with real-time imaging
to obtain the amount of through channels or anisotropy in
the membranes. This work provides a simple method to
identify and quantify through-plane channels in stacked GO
membranes in a three-electrode system. By comparing the
amount of through-plane channels in GO membranes with
different loadings and GO membranes composed of GO
monolayers of different sizes, it is hypothesized that the
through-plane channels of the drop-cast membrane mainly
originate from gaps and holes formed by irregular stacking
of nanosheets.

Figure 4. A) Electrochemical reduction reactions at initial reaction
interfaces. B) Cycle voltammograms obtained from electrochemical
reduction of different size of GO scanned over the full range of 0 to
1.25 V; The loading of the GCE is 6 μg. Conditions: supporting
electrolyte: in Ar-saturated PB at pH 7.4; Scan rate: 100 mVs� 1. All
starting potentials are at 0.0 V relative to the Ag/AgCl reference
electrode.
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