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Abstract: Two-dimensional van der Waals heterostruc-
tures (2D vdWHs) have recently gained widespread
attention because of their abundant and exotic proper-
ties, which open up many new possibilities for next-
generation nanoelectronics. However, practical applica-
tions remain challenging due to the lack of high-
throughput techniques for fabricating high-quality
vdWHs. Here, we demonstrate a general electrochem-
ical strategy to prepare solution-processable high-quality
vdWHs, in which electrostatic forces drive the stacking
of electrochemically exfoliated individual assemblies
with intact structures and clean interfaces into vdWHs
with strong interlayer interactions. Thanks to the
excellent combination of strong light absorption, inter-
facial charge transfer, and decent charge transport
properties in individual layers, thin-film photodetectors
based on graphene/In,Se; vdWHs exhibit great promise
for near-infrared (NIR) photodetection, owing to a high
responsivity (267 mA W), fast rise (72 ms) and decay
(426 ms) times under NIR illumination. This approach
enables various hybrid systems, including graphene/
In,Se;, graphene/MoS, and graphene/MoSe, vdWHs,
providing a broad avenue for exploring emerging
electronic, photonic, and exotic quantum phenomena. D

Introduction

Two-dimensional (2D) materials are emerging building
blocks for next-generation quantum nanomaterials.! Van
der Waals integration of 2D materials into artificial hetero-
structures allows for combining diverse properties and
exploring exotic phenomena that are not previously
possible.”! For example, the Hofstadter butterfly effect and
topological currents have been observed in the vdWHs of
graphene and hexagonal boron nitride (hBN) owing to their
spectrum reconstruction.”’) The study of tunneling and drag
effects is possible in the closely combined 2D crystals.!”
Moreover, the optically active heterostructures have been
prepared via stacking semiconducting monolayers.”! The
extended range of functionalities of vdWHs yields many
emergent applications. For instance, the graphene transistors
with the highest mobility have been achieved by encapsulat-
ing graphene with hBN. Photovoltaic and light-emitting
devices have been demonstrated by combining optically
active semiconducting layers with graphene as transparent
electrodes.”

Thus far, mechanical exfoliation and stacking is the most
widely-used method for producing the highest-quality
vdWHs.['*2%81 While this is critical for fundamental studies, it
is inherently difficult to scale up for practical device
applications. Liquid phase exfoliation and assembly is an
effective method for bulk production of vdWHs.! How-
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ever, the harsh sonication process causes a large number of
defects and contaminates the surface; the constituted layers
are usually randomly mixed, resulting in vdWHs with low
quality and inferior physicochemical properties.'"” Direct
growth methods, including chemical vapor deposition and
epitaxial growth, are also popular for the scalable prepara-
tion of high-quality vdWHs."! Nonetheless, the diversity of
vdWHs is limited by the lattice mismatch between the two
subsequent grown crystalline layers.'"” Although consider-
able efforts have been made to construct diverse vdWHs, it
remains a great challenge to fabricate vdWHSs in a manner
that combines several advantages of high quality, high
efficiency, and solution processability.

Here, we demonstrate a general strategy for the large-
scale preparation of high-quality vdWHs based on the
rational design of in-solution electrolytic chemistry. Careful
choice of charge carriers and solvents enables simultaneous
exfoliation of two different vdW crystals into their corre-
sponding defect-free bilayers or monolayers. Afterwards,
these oppositely charged 2D sheets self-assemble into
vdWHs driven by electrostatic interactions. Thanks to the
developed electrolyte formulation, the produced vdWHs
exhibit intact structures, clean interfaces, and strong inter-
layer coupling, which contribute to efficient interfacial
charge transfer and outstanding photodetection perform-
ance in the NIR region. Furthermore, the universality of this
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method has been demonstrated by the successful prepara-
tion of graphene/In,Se;, graphene/MoS, and graphene/
MoSe, vdWHs, opening up new avenues for the develop-
ment of emerging nanoelectronics, including printable
electronics.

Results and Discussion

Figure 1 and Figure S1 conceptually compare different
strategies for fabricating vdWHs, including the conventional
mechanical-based exfoliation/stacking and liquid-phase mix-
ing methods and the newly proposed electrochemical dual-
ion exfoliation approach. Compared with mechanical-based
stacking and liquid-phase mixing methods, our process has
the advantages of high quality and large quantity. At the
heart of this approach, the design of the electrolyte (e.g.,
charge carriers and solvents) plays a crucial role in the
electrochemical exfoliation process and determines the
structural integrity and interfacial cleanliness of the con-
stituted 2D layers. After careful comparison and screening
of many possible ionic compounds, we use tetra-n-butylam-
monium bisulfate (TBA HSO,) as the electrolyte salt in our
work because the size of TBA™ (0.86 nm) matches well with
the interlayer spacing of most vdW crystals (0.6-1 nm) and
SO/ is the most popular intercalant for anodic
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Figure 1. Schematic illustration of different strategies for fabricating vdWHs.
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exfoliation.™ Moreover, TBA HSO, shows good solubility
in common organic solvents or water to offer high concen-
tration. Another key parameter that affects electrolyte
performance is the solvent. Here we employ a mixture of
acetonitrile and water as the dispersion solvent for the
following reasons: (i) the high dielectric constant of water
(80.1) helps stabilize charges in solutions; (ii) the low
viscosity of acetonitrile (0.34x107 Pas) facilitates ion
migration; (iii) residual contaminants on 2D surfaces can be
easily removed due to their low boiling points (i.e., 81 °C for
acetonitrile and 100°C for water); and (iv) the dielectric
constant and viscosity of the mixture can be fine-tuned by
controlling their mixing ratio, providing another degree of
freedom for regulating the self-assembly of the exfoliated
2D layers and optimizing their quality.

Graphene/In,Se; vdWHs were selected as a prototype
system to demonstrate the electrochemical dual-ion exfolia-
tion approach due to their fascinating electronic band
structures (e.g., the direct band gap of semiconducting
monolayer In,Se; and the Dirac cone of graphene) and
exceptional optoelectronic applications.! Toward this end,
bulk vdW crystals of graphite and In,Se; were placed at the
anode and cathode, respectively (Figure S2). To achieve
efficient dual-ion exfoliation, we first compared the delami-
nation performance of TBA HSO, in acetonitrile/water
mixed solvents with different mixing ratios (e.g., 1:1, 3:1,
9:1, 19:1, 19.5:0.5). As shown in Figure S3, obvious
expansion of In,Se; crystals was observed when the ratio of
acetonitrile and water was increased to 19:1, while other
low ratios did not cause any visible exfoliation. Furthermore,
the ratios of 19:1 and 19.5:0.5 were tested for anodic
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delamination of graphite. We found that graphite showed
efficient exfoliation at a ratio of 19:1, while the expansion
under the ratio of 19.5:0.5 was limited (Figure S4). There-
fore, we selected a volume ratio of 19:1 as the optimal
value.

We further characterized the morphology of the individ-
ually exfoliated In,Se; and graphene made from the above-
designed hybrid electrolyte (Figure 2a,d and Figure S5).
According to the atomic force microscopy (AFM) image,
the average thickness of In,Se; nanosheets is ~1.5nm
(82%), corresponding to the monolayer thickness (Fig-
ure S6). They are much thinner than the In,Se; sheets (3-
10 nm) obtained by wet-chemical methods,™ probably due
to the edge oxidation of In,Se; crystal with the help of water
during the exfoliation process. Specifically, the intercalation
of TBA™* ions into In,Se; crystals becomes more favorable
when the interlayer spacing at the edges increases. Besides,
the composition and structure of the exfoliated In,Se; flakes
were investigated by X-ray photoelectron spectroscopy
(XPS, Figure S7) and high-resolution transmission electron
microscope (HR-TEM, Figure 2b), respectively. The peak
fits of In3d and Se 3d were consistent with those of the
original In,Se;. A small content of In,O, was observed, most
likely caused by partial oxidation at the edges. HR-TEM
image collected from the inner surface of In,Se; sheets
revealed clear and well-defined lattice fringes, confirming
the exfoliation of high-quality In,Se; sheets. On the other
hand, bilayer graphene sheets were exfoliated in the same
electrolyte (Figure 2d). The exfoliated graphene sheets
exhibited much lower oxygen content than those produced
from aqueous electrolytes, which can be attributed to the
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Figure 2. Characterizations of electrochemically exfoliated In,Se; and graphene sheets. a), d) AFM images, b), e) High-resolution TEM images, and

c), f) Frequency-resolved complex THz photoconductivity spectra.
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reduced amount of oxide radicals (e.g., HO®) generated
from water electrolysis (Figure S8)."] The obtained gra-
phene sheets showed a typical hexagonal honeycomb lattice
in the HR-TEM image (Figure 2¢).

The charge transport properties of the exfoliated In,Se;
and graphene sheets were investigated by time-resolved
THz spectroscopy (TRTS). Following above-band gap
excitations (800 nm for exfoliated graphene and 400 nm for
exfoliated In,Se;), the exfoliated graphene showed a tran-
sient increase in conductivity followed by rapid recombina-
tion within a few ps (Figure S9), whereas the exfoliated
In,Se; exhibited a much longer carrier lifetime, on the order
of tens of ps. The frequency-resolved photoconductivity
(Ao(w)) of exfoliated graphene and In,Se; are shown in
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Figures 2¢ and f. The obtained Ac(w) can be well described
by the Drude-Smith (DS) mode, which has been widely
used to interpret charge transport in various nanomaterial
systems subject to the backscattering effect (See details in
Supporting Information)."” The dc mobilities of graphene
and In,Se; can be roughly estimated as 1400+ 100 cm?V~'s™!
and 130+£20cm*V~'s™!, respectively. We note that the
estimated charge mobility of graphene is higher than that of
graphene nanosheets produced by electrochemical anodic
exfoliation in water,['”! validating the high-quality graphene
obtained here.

The successful exfoliation of individual graphene and
In,Se; sheets with excellent structural integrity and charge
transport properties prompted us to further explore the
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Figure 3. Characterizations of the formed graphene/In,Se; vdWHs. a) Zeta potentials of exfoliated In,Se; and graphene, respectively. b) AFM image,
c) TEM image, d) SAED patterns of graphene/In,Se; vdWHs. e) XRD patterns and f)-h) High-resolution XPS of Se 3d, In 3d, and C 1s of In,Se;,
graphene/In,Se; vdWHs, and graphene. i) Normalized time-resolved THz photoconductivity of graphene, In,Se;, and graphene/In,Se; vdWHs

under 800 nm excitation.
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Figure 4. NIR photodetectors based on graphene/In,Se; vdWHs. a) I-V curves of graphene/In,Se; photodetector with (ON) and without (OFF)

850 nm illumination. b) Response time of the thin-film device. c) Photoresponse of graphene/In,Se; devices at different voltages under 850 nm
illumination. d) Photoresponse of graphene/In,Se; devices at different illumination densities (850 nm). e, f) Responsivity (R) and photo-to-dark
current ratio (PDCR) curves of graphene/In,Se; photodetector as a function of bias voltage and illumination density (850 nm).

feasibility of dual-ion exfoliation and one-pot assembly of
high-quality vdWHs. Specifically, negatively charged sulfate
(SO/) and positively charged tetra-n-butylammonium
(TBA™) are expected to adsorb on the graphene and In,Se;,
surfaces, respectively, during the dual-ion exfoliation proc-
ess. This can, in principle, initiate a spontaneous assembly
process driven by electrostatic interactions (Figure S10). To
test this hypothesis, the exfoliated In,Se; and graphene
sheets were collected separately, and their surface polarity
was examined by Zeta potential measurements.

As shown in Figure 3a, the surface of In,Se; is positively
charged (422.4 mV), while that of graphene is negatively
charged (—32.1mV). The oppositely charged surfaces
provide the basis for the subsequent self-assembly into high-
concentration vdWHSs (2 mgmL ) in solution. The structure
and morphology of the products were examined by scanning
electron microscopy (SEM, Figure S11), AFM (Figure 3b),
and TEM (Figure 3c,d). These images revealed a typical
vertically stacked graphene/In,Se; vdWH made of many
monolayer In,Se; flakes assembled on the surface of bilayer
graphene. Besides, HR-TEM image showed a clean inter-
face with graphene on top in the formed vdWH (Fig-
ure S12). The corresponding selected area electron diffrac-
tion (SAED) pattern (Figure 3d) exhibited two different
hexagonal patterns, which can be attributed to graphene
(yellow) and In,Se; (red), respectively. Element mapping
confirmed the presence of In, Se, and C atoms in the
graphene/In,Se; vdWHs (Figure S13).

To evaluate the crystal structures and interfacial inter-
actions of the formed graphene/In,Se; vdWHs, X-ray
diffraction (XRD), XPS, photoluminescence (PL), and

Angew. Chem. Int. Ed. 2023, 202303929 (5 of 8)

Raman spectra were performed. According to the XRD
patterns in Figure 3e, the characteristic diffraction peaks of
both graphene and In,Se; were well preserved in the
vdWHs. The surface chemical compositions of In,Se;
graphene/In,Se; vdWHs, and graphene were elucidated by
XPS (Figure S14). As depicted in Figure 3f-h, the high-
resolution XPS of In3d included peaks at 444.8 and
452.5 eV, corresponding to the 3ds, and 3d;, components of
In** in pristine In,Se;. The peaks of In 3d in graphene/In,Se;
vdWHs shifted to lower binding energies by 0.1 eV com-
pared to those of pristine In,Se;. Similarly, the Se 3d spectra
of graphene/In,Se; vdWHs consisted of peaks at 53.7 and
54.7 eV, associated with Se 3ds, and 3d;,, which are 0.1 eV
lower than the corresponding peaks in In,Se;. In contrast,
the C1s spectra of graphene/In,Se; vdWHs was shifted
towards higher binding energies by 0.2 eV compared with
those of graphene, indicating a strong interlayer interaction
between In,Se; and graphene in the formed vdWHs." This
result was also confirmed by PL and Raman
measurements.'”) As shown in Figure S15, the exfoliated
In,Se; itself exhibits a strong PL peak at around 880 nm
upon excitation, while the PL intensity in graphene/In,Se;
vdWHs is largely quenched by about 60%. In Raman
spectra, 2D peak of graphene/In,Se; shifts to a high wave-
number compared with that of graphene. According to
previous reports,” the interaction of graphene and In,Se;
would form a type I vdWH (Figure S16), where the Dirac
point of graphene is located between the conduction and
valence bands of In,Se;. Considered that strong interlayer
interaction usually causes changes in interfacial charge
carrier (e.g., charge separation and recombination) at the
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Figure 5. Universality of the proposed electrochemical dual-ion intercalation method. a) Zeta potentials of exfoliated graphene and MoS,. b),

¢) TEM images and SAED patterns of graphene/MoS, vdWHs. d)—f) High-resolution XPS of Mo 3d, S 2p and C 1s of MoS,, graphene/MoS,, and
graphene. g) Zeta potentials of exfoliated graphene and MoSe,. h)—i) TEM images and SAED patterns of graphene/MoSe, vdWHs. j)-I) High-
resolution XPS of Mo 3d, Se 3d and C 1s of MoSe,, graphene/MoSe, vdWHs, and graphene.

graphene/In,Se; vdW interface, we compared the normal-
ized time-resolved photoconductivity of graphene, In,Ses,
and their vdWHs under the same excitation conditions
(800 nm, 1.33 mJem™). As shown in Figure 3i, the photo-
conductivity of graphene decays to zero on a ~1 ps time-
scale, while In,Se; shows no photoconductivity within
experimental error because the excitation photon energy is
below its band gap. For the graphene/In,Se; vdWHs, the
photoconductivity dynamics follow a bi-exponential relaxa-
tion characterized by fast and slow relaxation components
with time constants of ¢, ~2 ps and f,~50 ps, respectively.
Here, we tentatively attributed the fast photoconductivity
decay to the rapid recombination of charge carriers in
graphene and the slow photoconductivity decay to the
interlayer recombination across graphene/In,Se; interfaces
following interfacial charge transfer (CT). In this scenario,
photoexcitation generates electrons in the conduction band

Angew. Chem. Int. Ed. 2023, 202303929 (6 of 8)

and holes in the valence band in graphene. These photo-
generated charge carriers can have two relaxation pathways:
(i) the charge carriers retained in graphene can relax via
intra-layer recombination (e.g., trapping to defects), and
(ii) the charge carriers transferred from graphene to In,Se;
can relax via interlayer recombination. The occurrence of
interfacial CT demonstrates substantial interfacial electronic
coupling in graphene/In,Se; vdWHs formed by electrostatic
force-induced self-assembly, a prerequisite for exploring
their synergistic effects in device applications. Furthermore,
the prolonged charge carrier lifetime enabled by interfacial
charge separation and the high mobility of graphene allows
charge carriers to recirculate many times within a given
time, promising for photon-sensing applications.

For that, the prepared graphene/In,Se; vdWHs were
integrated into thin-film photodetectors (where the film was
1 pm thick, Figure S17). Figure 4a shows the I-V curves of
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graphene/In,Se; vdWHs with and without NIR illumination.
It was evident that, compared to dark current, the current
was enhanced by more than one order of magnitude under
850 nm light illumination. The measured rise and fall times
were 72 and 426 ms, respectively (Figure 4b).'**! Further-
more, we noticed that the performance of the fabricated
photodetector was highly dependent on the bias voltage
(Figure 4c). The required operation voltage (bias voltage)
was significantly reduced compared to the In,Se; photo-
detector. In particular, an obvious photoresponse to 850 nm
light was observed at a bias voltage as low as 0.5V,
substantially decreasing the device’s power consumption.
The resultant responsivity (R) and photo-to-dark current
ratio (PDCR) are summarized in Figure 4e. It was clear that
R is almost proportional to the bias voltage, and
R=66 mA W' was obtained at 5V, much higher than that
of the bare In,Se; photodetector. Besides, the maximum
PDCR reaches 990 %. On the other hand, the dependence
of photoresponse on light intensity was also investigated
(Figures 4d and f).

It was obvious that lower light intensity leads to smaller
photocurrents, but a distinguishable photoresponse was
achieved even at 850nm illumination as low as
0.24 yWmm = Note that in this case, R was noticeably
enhanced to 267 mA W™, outclassing the performance of
previously reported thin-film photodetectors based on
transition metal dichalcogenides (Table S1). With increasing
light intensity, the enhanced photocurrent and almost
constant dark current gave rise to a linear relationship
between PDCR and light intensity. Additionally, it was
found that the fabricated photodetector based on graphene/
In,Se; vdWHs can also detect NIR light at 1050 nm, as
shown in Figure S18.

The universality of this strategy was verified by fabricat-
ing various graphene-based vdWHs by simply replacing the
cathode materials with other vdW crystals, such as MoS, and
MoSe, in the developed electrolyte. Likewise, the surfaces
of MoS, and MoSe, are positively charged, while graphene
is negatively charged (Figure 5a and g). In this way, stable
dispersions (2 mgmL™") of graphene/MoS, and graphene/
MoSe, vdWHs can be prepared through electrochemical
exfoliation and stacking (Figure S19). TEM images, SAED
patterns, and EDS mapping (Figure Sb,c,h and i, Fig-
ure S20, S21) clearly reveal their well-preserved 2D struc-
ture, where several MoS, (MoSe,) sheets are assembled with
a graphene sheet. The peaks shift in the XPS (Figure 5d—f,
Figure 5j-1) confirms the good interlayer interactions in the
formed graphene/MoS, and graphene/MoSe, vdWHs.

Conclusion

In summary, we report a general electrochemical dual-ion
exfoliation approach for the high-throughput production of
solution-processable vdWHs. Various high-concentration
vdWH dispersions (2 mgmL™), including graphene/In,Se;,
graphene/MoS,, and graphene/MoSe, were prepared using
graphite and different vdW crystals as anode and cathode,
respectively. Driven by electrostatic forces, the exfoliated
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components assemble into artificial vdWHs with extraordi-
nary structural integrity and strongly coupled interfaces,
enabling photodetectors with high responsivity and fast
response time in the NIR region. Our strategy provides an
alternative and facile route to fabricate large-area and high-
quality artificial vdWHs, facilitating the exploration of
exotic quantum phenomena and the future development of
vdWHs-based advanced (opto-) electronics.
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