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Electrochemistry at the Edge of a van der Waals
Heterostructure

Aleksandra Plačkíc, Tilmann J. Neubert, Kishan Patel, Michel Kuhl, Kenji Watanabe,
Takashi Taniguchi, Amaia Zurutuza, Roman Sordan,* and Kannan Balasubramanian*

Artificial van der Waals heterostructures, obtained by stacking
two-dimensional (2D) materials, represent a novel platform for investigating
physicochemical phenomena and applications. Here, the electrochemistry at
the one-dimensional (1D) edge of a graphene sheet, sandwiched between two
hexagonal boron nitride (hBN) flakes, is reported. When such an
hBN/graphene/hBN heterostructure is immersed in a solution, the basal
plane of graphene is encapsulated by hBN, and the graphene edge is
exclusively available in the solution. This forms an electrochemical
nanoelectrode, enabling the investigation of electron transfer using several
redox probes, e.g., ferrocene(di)methanol, hexaammineruthenium, methylene
blue, dopamine and ferrocyanide. The low capacitance of the van der Waals
edge electrode facilitates cyclic voltammetry at very high scan rates (up to
1000 V s−1), allowing voltammetric detection of redox species down to
micromolar concentrations with sub-second time resolution. The nanoband
nature of the edge electrode allows operation in water without added
electrolyte. Finally, two adjacent edge electrodes are realized in a redox-cycling
format. All the above-mentioned phenomena can be investigated at the edge,
demonstrating that nanoscale electrochemistry is a new application avenue
for van der Waals heterostructures. Such an edge electrode will be useful for
studying electron transfer mechanisms and the detection of analyte species in
ultralow sample volumes.

1. Introduction

Heterostructures assembled using single sheets of 2D materi-
als are highly promising due to the novel properties they exhibit
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and several advantages they offer in com-
parison to their isolated counterparts.[1–3]

Graphene has been widely explored as a
building block in such heterostructures. As
a one-atom thick material, the properties
of graphene are highly sensitive to its envi-
ronment. Especially the substrate, on which
graphene is placed, dictates not only the
physical properties but also the chemistry,
such as reactivity and electron transfer (ET)
properties.[4–6] By assembling a graphene
sheet on an insulating 2D material such as
hexagonal boron nitride (hBN), it is pos-
sible to decouple graphene from the un-
derlying substrate, which renders graphene
with properties close to that of free-standing
graphene.[7] The lattice constant of hBN is
similar to that of graphene, limiting the
stress that can develop when graphene is
placed or grown on such a crystal.[8] As the
defect density in an hBN crystallite is or-
ders of magnitude lower than in typical sub-
strates such as silicon dioxide or glass, the
intrinsic electronic properties of graphene
can be directly exploited to realize devices
showing superior electronic performance,
such as high charge carrier mobility.[7] In
an analogous manner, the environment to

which graphene is exposed from the top has a significant ef-
fect on its physical properties. By using a van der Waals (vdW)
heterostructure, wherein a graphene sheet is encapsulated be-
tween two hBN layers, the sensitivity to the environment can be
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minimized thereby providing devices with high stability and im-
proved electronic performance. This strategy has been exploited
to realize high mobility electronic devices, high frequency and
optical devices, memristors etc.[9–15] In such an architecture, the
graphene sheet is physically well-isolated from the environment
and the substrate.

For studying chemistry and electrochemistry, an
hBN/graphene/hBN vdW heterostructure provides new
prospects, whose exploration is still in its infancy.[16,17] It is
a suitable platform to study electrochemical intercalation in
stacked 2D materials.[15] In place of hBN, oxide layers could be
used to realize graphene edges. By realizing pores in a graphene
layer sandwiched between two Al2O3 layers, ionic transport
through the pore could be measured.[18] However, ET with
redox active species at the edge has not been investigated in
that study. By contrast, the presence of hBN on both sides of
graphene provides, in addition to an electronic isolation, also
a clear chemical isolation of the basal plane of graphene from
the environment,[4] opening up the possibility to study reactions
exclusively at the edge, virtually free of substrate and basal
plane effects. Electrochemistry at the graphene edge has been
investigated using other fabrication strategies earlier.[19–23] With
these edge electrodes, exclusive electrochemical modification
of the edge has also been demonstrated.[20,22] Furthermore, as
is typical for nanoelectrodes, large current densities and high
ET rates have been estimated.[18,21,23] In all these cases, the
graphene sheet was directly placed on a silicon dioxide surface.
The use of a vdW heterostructure effectively decouples the basal
plane of graphene from the underlying surface and the environ-
ment, preserves the favorable properties of its basal plane, and
allows electrochemical investigation exclusively of its edge in a
decoupled environment.

There are specific advantages of studying electrochemistry
at clean single graphene edges. Geometrically, the nanoscale
size of the electrode opens the possibility of enhanced mass
transport.[23,24] This is fundamentally important for studying fast
electron transfer kinetics (typically > 1 cm s−1),[25] as has been
shown for single carbon nanotube electrodes.[] On the other
hand, the edge poses a different electronic structure in com-
parison to the basal plane. Hence, improved electrochemical ac-
tivity and catalytic effects are expected.[27–29] A graphene edge
is a one-dimensional system and functions like a nanoband
electrode.[19,30] Often such micro-/nano-band electrodes are re-
alized using metals, e.g., Au or Pt.[31] The use of carbon as a na-
noelectrode opens an avenue for the study of selected redox active
species, e.g., nicotinamide adenine dinucleotide (NADH), whose
ET rates are known to be higher on carbon than on metals.[23,32]

A single carbon nanotube is a suitable candidate for a carbon-
based linear nanoelectrode (two lateral dimensions < 10 nm).[26]

The noise level in graphene has been reported to be lower than
that in carbon nanotubes.[33] The basal part of graphene can be
seen as a large current collector for measuring the response of
the edge. In the ideal case, the redox current at every atom in the
edge can be collected directly by the basal plane in parallel, i.e., in-
dependent of the rest of the edge. Hence, it can be expected that
the current at the edge can be acquired with low noise, which
is further minimized as the sheet is embedded in the vdW het-
erostructure. On the other hand, single nanotubes have not been

reported for electrochemistry at high scan rates or in the context
of redox cycling.

With this motivation, we present here the realization of 1D
graphene edge electrodes with a length of few microns sand-
wiched between two hBN multilayer sheets, where only the edge
of graphene is in contact with the solution. Exploiting the unique
properties of such an electrode, e.g., the small electrode area
and high interfacial resistance, we demonstrate that we can per-
form electrochemistry at fast scan rates and work in water, free
of added supporting electrolyte. Finally, we also show that these
electrodes can be realized in a redox-cycling format, wherein re-
dox active species reduced or oxidized at one electrode can be
shuttled for ET to a second edge electrode in its close vicinity.

2. Results and Discussion

Figure 1 shows the fabrication steps and the layout of a typical van
der Waals edge (vdWEdge) electrode, which comprises a mono-
layer graphene sheet sandwiched between two hBN multilayer
flakes and contacted on two ends by Au electrodes. Complete de-
tails of the fabrication are given in the Methods section based on
our previous work.[14,35] In short, the fabrication of such a device
started with the assembly of an hBN/graphene/hBN stack onto a
SiO2/Si substrate using a hot pick-up technique (Figure 1(a)).[34]

The 1D edges of graphene were exposed on all four sides of the
stack, after the stack was shaped in rectangular form by reactive-
ion etching (RIE) using a hard mask (Figure 1(b)). Two sides
of the stack were metallized to contact graphene along its 1D
edges, while the other two sides were left uncovered to expose the
1D edges of graphene to the environment (Figure 1(c)). Finally,
the electrodes were passivated using poly(methylmethacrylate)
(PMMA). Electrical measurements were performed to confirm
the formation of ohmic contacts to graphene. The mean re-
sistance was 2.44 kΩ (19 devices) with a standard deviation of
0.75 kΩ for a graphene channel with a width of 10 μm and length
of 4 μm. More details about the resistance of the devices can be
found in Figure S1 (Supporting Information).

An optical image of the final device showing the top-view, iden-
tifying the different parts, is shown in Figure 2(a). Figure 2(b)
shows a close-up scanning electron microscope (SEM) image of
the edge of the assembled stack, where the top and bottom hBN
layers are clearly distinguishable, confirming that the basal plane
of graphene is well protected. Further optical and atomic force
microscopy (AFM) images of a device with another layout are
shown in Figure S2 (Supporting Information).

We first evaluate ET with classical redox-active species at
the vdWEdge as shown in the cyclic voltammograms (CVs)
in Figure 3. Figure 3(a) shows the oxidation of ferrocyanide
(FeCN), dopamine (DA) and ferrocenemethanol (FcMeOH),
while Figure 3(b) shows the reduction of hexaammineruthe-
nium and methylene blue at a vdWEdge electrode at low scan
rates. Except for DA and FeCN, the CVs show nearly a sig-
moidal shape, signifying a quasi-steady-state response, typical for
nanoelectrodes.[23,31,36] Due to the absence of diffusion limitation,
we do not see characteristic peaks typically observed in diffusion-
limited CVs at bulk electrodes.[37] Figure 3(c) presents CVs of
FcMeOH with varying scan rate (rates < 100 mV s−1), where it
is apparent that the Faradaic response is independent of the scan
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Figure 1. Simplified workflow showing the fabrication of a vdWEdge device. a) An Al hard mask was fabricated on top of the hBN/graphene/hBN stack,
which was assembled on top of a SiO2/Si substrate by a hot pick-up technique.[34] b) After RIE, the part of the stack unprotected by the mask was etched
away. c) After removal of the mask, the Au electrodes were fabricated on the opposite sides of the stack forming contacts to the exposed 1D edges of
graphene. d) The contacts were passivated by a PMMA layer such that the remaining 1D edges of graphene were exposed to the environment.

Figure 2. Different views of a vdWEdge device. a) Optical image of a typ-
ical device in top-view with the hBN/graphene/hBN stack in between the
Au contacts as indicated. b) False-color high-resolution SEM image of the
peripheral region of a vdWEdge device, where the two hBN crystals are
discernible. The graphene edge lies open in between the edges of these
two layers highlighted in yellow.

rate. Only the capacitive current increases. These observations
confirm that we indeed measured the response at the edge work-
ing as a nanoelectrode.[23,31]

Due to the miniscule size (typically 2 μm length at an esti-
mated height of ≈1 nm) of the vdWEdge electrode, the mass
transport rate is extremely high. Hence using such electrodes,
we have the capability to measure a broad range of ET rates with
redox active species.[25,31] One example of extracting heteroge-
neous rate constant from our data is shown in Supporting Infor-
mation. The non-sigmoidal nature of the CV with DA and FeCN
suggests that ET for these two cases is kinetically limited and is
relatively slow in comparison to FcMeOH at the vdWEdge. Both
FeCN[6] and DA[38] are known to act as inner sphere probes on
carbon surfaces and are hence sensitive to the surface morphol-
ogy, defects, the proportion of edges, and the chemical composi-
tion of the terminal functional groups. The comparatively lower
ET rate with FeCN is consistent with previous observations on
mm-long graphene edge electrodes.[23] A relatively slow ET with
DA at the vdWEdge indicates that the chemical composition of
our edge is most likely different from other graphitic or carbon
electrodes.[27,39–42] In previous work on ET with DA at carbon elec-
trodes, often a quasi-reversible CV has been reported.[41] In con-
trast, we were only able to observe an oxidation wave with DA.
Even on the basal plane of our graphene electrodes, ET with DA
appears to be quite inefficient (see Figure S3 in Supporting In-
formation). We attribute the sluggish ET kinetics with DA to the
absence of deliberately introduced functional groups either at the
edge or at the basal plane of the graphene sheet.[43] Moreover, the
plasma conditions we use (e.g., SF6 plasma for shaping the edge)
may render the edge with a chemistry that does not allow for a
fast electron transfer with DA. In the future, we plan to mitigate
this by evaluating other etching techniques such as Ar ion-beam
etching or wet etching to remove hBN using a sacrificial oxide or
photoresist layer.[44]

In contrast to previously reported mm-long edge
electrodes,[19,20,23] the electrode area in a vdWEdge electrode
is smaller by at least two orders of magnitude and the currents
were < 1 nA. Hence, a simpler two-electrode setup can be
used avoiding the need for a third current-collecting counter
electrode.[31,45] This configuration is customary when working
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Figure 3. CVs of selected redox-active species at vdWEdge electrodes. a) CVs of species undergoing oxidation: ferrocyanide (0.1 mM), dopamine (1 mM),
ferrocenemethanol – FcMeOH (1 mM). b) CVs of molecules undergoing reduction: methylene blue – MB (0.1 mM), hexaammineruthenium – HARu
(0.1 mM). c,d) CVs at varying scan rates for the oxidation of FcMeOH (1 mM slow scan, 5 mM fast scan) at a vdWEdge electrode – low scan rates
(c) and high scan rates (d). The potentials are measured with reference to a commercial Ag/AgCl (3 M KCl) reference electrode. Scan rate was 100 mV s−1

in (a) and (b). For dopamine and FcMeOH, a phosphate buffer (pH 6.7, 100 mM ionic strength) was used. The other measurements were performed in
0.1 M KCl.

with ultramicroelectrodes and nanoelectrodes. Using our elec-
trodes, we were able to detect redox active species down to micro
molar concentrations (see Figure S4 in Supporting Information).

As is typical for nanoelectrodes, the small area of the vdWEdge
nanoelectrode corresponds to a drastically low double layer capac-
itance, which is lower than our system capacitance of 57 pF (see
Figure S5, Supporting Information for details). The system ca-
pacitance is also much larger than the capacitance of the basal
plane of the graphene channel (see page S4 in Supporting Infor-
mation). Hence, using our current setup we cannot estimate the
actual capacitance of the vdWEdge. The low capacitance can how-
ever be exploited to investigate ET at high scan rates. Figure 3(d)
shows the obtained response for FcMeOH at a vdWEdge at high
scan rates (20–1000 V s−1). Although the capacitive current in-
creases with scan rate, we are still able to observe the redox
waves of FcMeOH, superimposed over the current due to capac-
itive contribution. Since the area of vdWEdge electrode is much
smaller than mm-long edge electrodes,[23] there is no diffusion
limitation and hence the sigmoidal response is observable even
at high scan rates.

We do not expect to see any tunneling through the hBN lay-
ers, since we have an insulating hBN crystallite of several lay-
ers assembled tightly on and below the graphene sheet.[46] This
is further justified by considering that multilayer hBN with a
very high resistance constitutes a large energy barrier for elec-

tron tunneling[47] and hence blocks ET completely to redox ac-
tive species in solution. What we cannot however completely ex-
clude is the possibility that not just the atomic edge, but a certain
width (< 5 nm) of the graphene sheet in the edge region encoun-
ters the solution. This could be thought of as a nanoscale flat-
band electrode. However, we cannot confirm this only from the
CVs. Nevertheless, the diffusion profile is expected to be conver-
gent also in this case.[48,49] This could also be one of the reasons
why we sometimes observe higher currents than the theoret-
ically estimated mass-transport-limited current (see discussion
on Estimation of mass-transport-limited current in Supporting
Information).

We have exploited the ability to work at high scan rates
to explore the use of fast-scan cyclic voltammetry (FSCV)[50,51]

at our vdWEdge electrodes. FSCV has been widely used for
the detection of redox-active species such as neurotransmit-
ters, nucleobases and antioxidants.[45,51–54] Due to the high time
resolution achievable, it has found application for the detec-
tion of release of DA and other molecules in vivo in differ-
ent biological species.[55–57] Furthermore, by an appropriate de-
sign of the voltage waveform, multiplex detection, ET mecha-
nisms as well as improved detection of antioxidants have been
demonstrated.[58–59] Performing FSCV in a two-electrode setup
provides a further advantage of a simplified cell setup and com-
pact instrumentation.

Small 2024, 20, 2306361 © 2023 The Authors. Small published by Wiley-VCH GmbH2306361 (4 of 9)
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Figure 4. FSCV of FDM at a vdWEdge electrode. a) A color map showing
the voltammetric response during the entire measurement cycle. The mea-
surement starts at t = 0 s with only 0.1 M KCl. At t = 4 s, FDM is injected
to achieve a final concentration of 0.5 mM. The voltage is continuously
scanned in the range of 0 to 0.5 V at a rate of 100 V s−1 during the entire
measurement. Only the forward cycle is shown here. b) A cross-section
of the measured voltammetric response in (a), showing the evolution of
current at a voltage of +0.45 V. The data are background subtracted using
the current response in the first cycle. The potentials are with reference to
an Ag/AgCl wire reference electrode.

Figure 4 presents FSCV data obtained at a vdWEdge electrode
for the detection of 0.5 mM ferrocenedimethanol (FDM) in a two-
electrode setup. Figure 4(a) shows a map of the measured current
(after background subtraction) starting in 0.1 M KCl and upon
addition of FDM at time t = 4 s. A clear response for oxidation is
seen at anodic potentials > 0.15 V. A time profile (cross-section
across the map in Figure 4(a)) is shown in Figure 4(b), where it
is apparent that we can detect the voltammetric response at the
vdWEdge with sub-second resolution.

Moreover, there is an increase in current after the addition of
FDM, which shows an initial slow relaxation followed by a faster
relaxation to approach a final steady state with a constant cur-
rent. This indicates that a stable diffusion layer is set up very
fast (in less than a second) and there is a constant rate of oxi-
dation afterward.[31] This is analogous to observations on metal-
lic nanoelectrodes and ultramicroelectrodes.[37,60] Since we need
just a two-electrode setup, such measurements can be carried
out even in a very small droplet, enabling detection in ultra-low
sample amounts. For the data in Figure 4, the analyte volume
was 5 μL and an analyte amount of just 2.5 nanomoles. By ap-
propriate miniaturization of the reference electrode, we believe
that it would be possible to reduce this amount further by at
least an order of magnitude. Figure S6 in Supporting Informa-
tion shows another example of FSCV at a smaller concentration
of 10 μM. For concentrations much lower than this value, the sig-
nals were buried in noise. This can be understood by considering
that the miniscule electrode area sets a lower limit of current that
can be measured free of noise. Hence the detection limit is in
the micromolar range and is somewhat higher than substrate-

supported graphene edge.[23] Nevertheless, the low capacitance
and the small footprint give a clear advantage of very fast mea-
surement as well as rapid equilibration of the diffusion layer.

There are some differences to previously reported FSCV
work.[51,52] The most widely used analyte is DA,[53] the detection
of which often requires adsorption on the electrode, which is typ-
ically enabled by using a hold potential between two consecutive
CV cycles in an FSCV experiment.[39] Other analytes could be
detected either via adsorption or by diffusion.[61,62] At our elec-
trodes, we were not able to observe an adsorption-based response
systematically. In cases where there was an indication of adsorp-
tion, the electrode was increasingly blocked irreversibly with ev-
ery measurement cycle. This could most likely be mitigated in
the future by performing appropriate chemical modification[56]

of the edge.
Another important aspect of a vdWEdge is that the interfa-

cial resistance, when operating in liquids, is quite high,[45] since
only a small electrode region encounters the solution. Hence, it
is interesting to look at the possibility of working in electrolyte-
free media.[63] Already several decades ago, it was proposed and
shown that nanoelectrodes with sub-micron dimensions are suit-
able for the study of redox species in solutions free of support-
ing electrolyte.[64] A two-electrode configuration is more advanta-
geous, since it reduces noise and allows for a simple setup.[64–66]

Figure 5(a) compares typical background-subtracted two-
electrode CVs of FDM in water measured at the same vdWEdge
electrode at 0.1 V s−1 in 0.1 M KCl (red curve) and without any
added supporting electrolyte (blue curve). The CV in water shows
a slightly higher current and an apparent cathodic shift in the
electrochemical response. Otherwise, the two curves are similar.
The higher quasi-steady state current can be explained by a re-
duction in resistance after oxidation of the neutral FDM species
to a positively charged ion, which accumulates/diffuses at the
vdWEdge-electrolyte interface and decreases the resistance.[67–70]

Nearly no hysteresis was observed in the background-
subtracted CVs during the forward and backward scans, suggest-
ing that we are able to obtain a stable quasi-steady-state response
even in the absence of added electrolyte. Although we do not de-
liberately add any supporting electrolyte, trace amounts of ionic
species cannot be avoided,[71] which enabled the observation of a
quasi-sigmoidal ET response.[72] We attribute the shift in the CV
along the potential scale to a shift in the electrode potential of the
reference electrode. A chloride coated silver wire served as com-
bined reference and counter electrode for both measurements.
For the measurement in water, there was no added chloride.
Hence, the chloride concentration is determined by the equilib-
rium between the AgCl coating on the silver wire and residual
chloride ions in solution, as determined by the low solubility
product of AgCl. The electrode potential of the Ag/AgCl wire in
such a situation is lower (cathodic offset) than the potential when
0.1 M KCl is present in the solution.

In previous studies at ultramicroelectrodes, a shift in the
half-wave potential has been predicted and observed for the
oxidation of ferrocene when the supporting electrolyte concen-
tration is reduced.[72,73] The shift was however anodic, which is
not what we observed here. Another alternative explanation for
the potential shift could be an iR drop (parasitic voltage drop
due to uncompensated solution resistance), due to a difference
in resistance with and without electrolyte, caused by changes

Small 2024, 20, 2306361 © 2023 The Authors. Small published by Wiley-VCH GmbH2306361 (5 of 9)

 16136829, 2024, 21, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202306361 by C
ochrane Japan, W

iley O
nline L

ibrary on [24/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 5. Electrochemistry of 100 μM FDM in water free of supporting
electrolyte. a) Comparison of background-subtracted CV measured at a
scan rate of 0.1 V s−1 without added supporting electrolyte (blue curve)
to that measured with added 0.1 M KCl (red curve). b) CVs measured at
varying scan rates without added supporting electrolyte. The potentials are
with reference to an Ag/AgCl wire reference electrode.

in ionic composition in the diffusion layer as a result of the
redox reaction.[63,74] However, in such a situation, a significant
distortion of the entire CV would be expected, which we did not
observe in our CVs (see Figure S7 in Supporting Information).
This kind of distortion has, however, mainly been reported in
solvents of low dielectric strength.[75] Most likely, it appears that
the iR drop is minimized due to the ultra-small interfacial area
and pA currents. With a solution resistance in the MΩ range,
the ohmic drop is significantly below 1 mV. Figure 5(b) presents
background-subtracted CVs at three different scan rates mea-
sured in water, where it is apparent that the quasi steady state
response is preserved without any shift in potential or distortion
in the CV or increase in hysteresis even up to a scan rate of
10 V s−1. From these data, it is clear that our vdWEdge electrodes
can reliably be used in solutions without added electrolyte.

The vdWEdge electrode constitutes a nanoelectrode, two of
which can be assembled facing each other in a straightfor-
ward manner using our fabrication methodology. The avail-
ability of two such nanoelectrodes in close vicinity opens an
avenue for specialized electrochemical experiments such as
redox cycling.[76,77] Here one electrode serves as a genera-
tor where a redox species is oxidized, while the generated
oxidized species is reduced at the other. This allows for a
positive feedback using which the redox species shuttles be-
tween the two electrodes leading to an amplification of the
current.[78] Moreover, such an assembly can be used for studying
mechanisms of redox kinetics, electrochemiluminescence and
titrations.[79–81]

We have evaluated the capability of redox cycling, by realiz-
ing two vdWEdge electrodes facing each other, with an open
nanochannel in between, as illustrated by the schematic in Figure
6(a), an optical image in Figure 6(b) and an SEM image in
Figure 6(c). We have also realized other layouts in interdigitated
format (see another example in Figure S8 in Supporting Informa-
tion). However, the current responses were qualitatively similar
in all electrodes. Figure 6(d) shows typical background-subtracted
current response for 0.6 mM FDM (in 0.1 M KCl) in generator-
collector mode at a redox cycling vdWEdge gap. Such a measure-
ment was carried out by biasing the two vdWEdge electrodes
with respect to a chloridified Ag wire as the counter/reference
electrode (see Methods section for details). While the collector
electrode was maintained at a constant potential of −0.05 V, the
generator potential was scanned in the displayed potential range
and the currents at both electrodes were measured. It is clear in
Figure 6(d) that, at potentials > 0.15 V, the FDM molecules ox-
idized (red curve) by the generator electrode are reduced at the
collector, which results in a cathodic current (blue curve). How-
ever, the current at the collector electrode is only 20% of the cur-
rent observed at the generator electrode. We attribute this to the
rather large electrode spacing of 200 nm in comparison to the
edge electrode dimension of a few nm.[76] Moreover, the conver-
gent diffusion profile[23] leads to a rapid diffusion of the gener-
ated reduced species, explaining the low collection efficiency of
≈20%. Nevertheless, the data confirm that the two electrodes are
able to work in unison, through exchange of species from one
electrode to the other. The collection efficiency could be improved
by realizing closed nanochannels or having a smaller electrode
spacing.

We also explored the possibility of redox cycling in supporting-
electrolyte-free water as shown in Figure 6(e). The red curve
shows the response obtained at the collector electrode without
connecting the generator electrode, while the blue curve shows
the response when the generator electrode was kept at a constant
potential of +0.4 V. In the latter case, the generator produced re-
duced species, whose concentration increased locally, resulting in
a higher current (indicated by the blue arrow) at the collector elec-
trode. With this, we have demonstrated that using the vdWEdge
electrode it is also possible to investigate redox cycling in media
free of added electrolyte. In such electrodes, not only the diffu-
sion layer but also the double layer of the two electrodes must
overlap each other.[82] Future work will shed more light on the ef-
fect of this overlap. Furthermore, ion migration and electrostatic
effects are expected to play an important role when using charged
redox active species.[67]
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Figure 6. Redox cycling in a vdWEdge nanogap device. a) Schematic of the dual vdWEdge electrode with a nanogap. The scheme shows one example of
redox cycling where the collector electrode on the right is maintained at a constant cathodic potential, while the generator electrode potential is scanned
in a selected voltage range where oxidation occurs. b) Optical and c) false-color SEM images showing top view of such a redox cycling vdWEdge electrode
with a gap of 200 nm. d) CVs obtained in 0.1 M KCl for the redox cycling of FDM with the collector electrode maintained at a potential of −0.05 V as
exemplified in (a). e) CVs obtained at the collector electrode in water (without added electrolyte) for the redox cycling of FDM with the generator electrode
either disconnected or maintained at an anodic potential. The potentials are measured with reference to an Ag/AgCl wire reference electrode.

3. Conclusion

In conclusion, we demonstrated the capability of performing
electrochemistry at the 1D edge of a single graphene sheet sand-
wiched between two hBN crystallites. The unique geometry of
the vdWEdge electrode and its small size opens up the possibil-
ity to study interfacial ET with several advantages. We showed
that using such electrodes, FSCV could be deployed to study ET
processes at very high scan rates with a very good time resolution.
In this work, we have utilized FSCV in its simplest form. In the
future, complex waveforms may be experimented for the detec-
tion of species via adsorption or for the sensing of multianalyte
species.[58] We also described that it is possible to record CVs and
perform redox cycling in water without added supporting elec-
trolyte. Currently, the passivation layer on our devices is not well
suited for experiments in organic solvents. For the future, more
stable passivation layers can be utilized to enable this possibility.
In such devices, the actual effect of iR drop can be more care-
fully investigated when working in organic solvents of lower di-
electric constant.[75,83] The ability to study ET in the absence of
electrolyte may provide a platform for an unambiguous under-
standing of ET mechanisms, free of diffusion and supporting
electrolyte effects.[31,84] For sensing applications, our electrodes
are more expensive in comparison to commercially available sen-
sors, such as screen-printed electrodes. However, there are other

benefits. For example, measurements can be carried out in a sim-
pler two-electrode configuration with just a few μL of sample so-
lution. Another advantage of our lithography-based technology is
that, in the future, we can realize arrays of vdWEdge electrodes on
a small chip. Finally, chemical functionalization can be utilized
to modulate ET at the vdWEdge, thereby expanding the spectrum
of heterogeneous reactions that can be studied. Chemical mod-
ification of the edge may also help improve the sensitivity, e.g.,
by introduction of oxygen or nitrogen containing groups or by
decoration with metallic nanoparticles.

4. Experimental Section
Device Fabrication: A hot pick-up technique[34] was used for the as-

sembly of hBN/graphene/hBN vdW stacks. A glass slide with a poly-
dimethylsiloxane block covered by polypropylene carbonate (PPC) was
used to assemble the stacks. Due to the thermoplastic properties of PPC,
hBN and graphene flakes were picked up from the initial substrate at 40 °C
and subsequently released on the target substrate at 80—110 °C. The tar-
get substrate was highly resistive Si (resistivity of 5 kΩcm) with a 1-μm-
thick SiO2 layer on top. After the deposition, the heterostructures were
baked for 5 minutes at 160 °C and cleaned in acetone for ≈30 minutes. The
thickness of the chosen hBN flakes was in the range of 25–40 nm to pro-
vide sufficient chemical and electrical isolation (e.g., to prevent electron
tunneling through the flakes). The hBN flakes were exfoliated from syn-
thetic hBN crystals, while both exfoliated graphene and graphene grown

Small 2024, 20, 2306361 © 2023 The Authors. Small published by Wiley-VCH GmbH2306361 (7 of 9)
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by chemical vapor deposition were used. Once a vdW stack was immersed
in a solution, no percolation of the electrolyte was expected because there
was not much difference between the vdW gap between graphene and hBN
and the interlayer space inside hBN.[10]

The stacks were patterned in two RIE steps using an Al mask. The masks
were patterned on top of the stacks by electron-beam (e-beam) lithography
(using Raith eLINE at 10–30 keV) and deposited by evaporating Al in an
e-beam evaporator at a base pressure of ≈10−6 mbar. In the first RIE step,
only the top hBN flake was etched by SF6 forming a rectangle (typically
11 μm × 8 μm) protected by a 40-nm-thick Al mask. The final device layout
was defined in the second RIE step when the entire hBN/graphene/hBN
stack was etched, exposing graphene edges. The hBN flakes were etched
by SF6 and graphene by O2 plasma using an 80-nm-thick Al mask. The Al
masks were removed after each RIE step by a mixture of tetramethylam-
monium hydroxide and H2O.

The edge contacts to graphene were defined at the opposite sides of the
stacks by e-beam lithography and e-beam evaporation of 80 nm of pure
Au. The deposition of Au was followed by a lift-off process. Finally, the
Au electrodes were passivated by a 200-nm-thick layer of PMMA to avoid
their contact with the solution used in electrochemical measurements. A
2-μm-long opening in the passivation layer (between the contacts) was
patterned by e-beam lithography to expose the edges of graphene to the
environment.

Electrochemical Instrumentation: Electrochemical measurements in a
three-electrode configuration were performed using an Ivium Compact-
stat bipotentiostat with the vdwEdge as working electrode, a Pt wire as a
counter electrode, and Ag/AgCl as reference electrode. The reference elec-
trode was either a commercial DRIREF-450 (WPI Inc.) or a homemade
chloridified Ag wire (50 μm diameter). The potential offset of the latter in
0.1 M KCl with respect to the commercial electrode was less than 50 mV.
For the two-electrode configuration, two homemade setups were utilized,
where the vdWEdge acted as the working and the Ag/AgCl wire as the
counter electrode. In a first setup, Vortis Controller of a Bruker JPK Nan-
oTracker 4 system was used. Specifically a voltage source channel was
used for applying the potential and an analog-to-digital converter (ADC)
for measuring voltage input. The current passing through the electrochem-
ical cell was amplified using an I/V-converter (Femto DLPCA-200) and the
voltage was sampled by the ADC at a suitable frequency between 500 and
20 kHz depending on the scan rate. In a second setup, a two-channel Keith-
ley source measure unit (SMU) 2636B was used to measure currents by
applying a desired voltage waveform. In this case, the devices were placed
in a FormFactor Summit 11000 probe station. For redox-cycling measure-
ments, the currents from both electrodes were measured independently
using the two channels. The Keithley SMU was also used to measure the
resistance of the encapsulated graphene between the two Au electrodes.
All measurements were carried out using an appropriate low-noise setup
equipped with a low-noise amplifier and a shielded Faraday cage.

Surface Characterization: Optical images were obtained on a Leica
DM6 M, AFM images using a Bruker JPK Nanowizard 4 or a Veeco Innova,
and SEM images using a Raith eLINE e-beam system.
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