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Space-Confined Synthesis of Monolayer Graphdiyne in
MXene Interlayer
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Zhan Shi, Guanxing Li, Ya Kong, Yichen Cai, Jie Shen, Ying Wu, Zhiping Lai,* Yu Han,
and Jin Zhang*

Graphdiyne (GDY) is an artificial carbon allotrope that is conceptually similar
to graphene but composed of sp- and sp2-hybridized carbon atoms. Monolayer
GDY (ML-GDY) is predicted to be an ideal 2D semiconductor material with a
wide range of applications. However, its synthesis has posed a significant
challenge, leading to difficulties in experimentally validating theoretical
properties. Here, it is reported that in situ acetylenic homocoupling of
hexaethynylbenzene within the sub-nanometer interlayer space of MXene can
effectively prevent out-of-plane growth or vertical stacking of the material,
resulting in ML-GDY with in-plane periodicity. The subsequent exfoliation
process successfully yields free-standing GDY monolayers with
micrometer-scale lateral dimensions. The fabrication of field-effect transistor
on free-standing ML-GDY makes the first measurement of its electronic
properties possible. The measured electrical conductivity (5.1 × 103 S m−1)
and carrier mobility (231.4 cm2 V−1 s−1) at room temperature are remarkably
higher than those of the previously reported multilayer GDY materials. The
space-confined synthesis using layered crystals as templates provides a new
strategy for preparing 2D materials with precisely controlled layer numbers
and long-range structural order.

1. Introduction

Graphdiyne (GDY), composed of periodically arranged sp- and
sp2-hybridized carbon atoms, is an emerging 2D material and
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a novel carbon allotrope.[1–3] Unlike other
carbon allotropes, which typically require
harsh synthetic conditions, GDY can
be synthesized under mild conditions,
such as room temperature and atmo-
spheric pressure. Since the first report
of synthetic GDY,[4] substantial efforts
have been dedicated to enhancing its
quality and controlling its thickness,[5–6]

specifically the number of layers.[7–10]

Theoretical studies predicted numerous
intriguing properties of GDY,[11–16] which
can be modulated by tuning the layer
number.[17,18] Monolayer GDY (ML-GDY)
has attracted particular interest because,
unlike zero-bandgap graphene, it exhibits
a natural direct bandgap and ultrahigh
carrier mobilities.[19–21] ML-GDY’s excel-
lent semiconducting properties, combined
with its extreme thinness, mechanical
robustness,[12,22] and inherent nanoporous
structure,[19,23] make it a promising material
platform for various applications, including
flexible electronics,[9,24] energy storage,[25]

and molecular-sieving membranes.[26,27]

However, due to the difficulty of preparing GDYs with precisely
controlled layer numbers and long-range structural order,[18] the
theoretical properties of ML-GDY have not been demonstrated
experimentally.
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Acetylenic homocoupling of hexaethynylbenzene (HEB) is the
predominant method for GDY synthesis,[18,28] and it has been
used to fabricate bulk GDYs with discernible crystallinity.[5,29–30]

However, synthesizing ML-GDY remains challenging for two
main reasons (Figure S1, Supporting Information). First, the
alkyne–aryl and alkyne–alkyne single bonds can freely rotate dur-
ing the coupling of the HEB monomer, leading to out-of-plane
random growth of the framework and eventually to the formation
of a 3D disordered structure rather than the desired 2D crystalline
structure.[9,31,32] Second, free GDY monolayers tend to stack into
multilayers via van der Waals forces and 𝜋–𝜋 interactions to lower
the surface energy.[33,34]

Several synthetic strategies have been developed to overcome
these obstacles. Chemical vapor deposition (CVD) was used to
grow GDY on an Ag substrate to reduce the degrees of freedom of
the HEB monomers. However, only an ill-defined carbonaceous
framework was obtained.[35] While recent reports have described
the CVD synthesis of ordered multilayer hydrogen-substituted
GDY on a single crystal Cu substrate and provided valuable
inspirations,[36,37] the successful synthesis of ordered GDY us-
ing this method has not yet been demonstrated. Confining the
monomer coupling to graphene surfaces,[7,34] oil–water or solid–
liquid interfaces,[6,8] and electric double layers [9] yielded GDYs
with ordered structures, but in the form of multilayers rather
than monolayers. A bulk GDY material was used to prepare ML-
GDY by mechanical exfoliation.[10] However, as evidenced by the
lack of in-plane X-ray diffraction peaks, the challenge lies in syn-
thesizing pristine bulk GDY crystals with optimal laminar stack-
ing and exceptional purity. Moreover, the physical properties of
the obtained ML-GDY, which could in turn provide evidence for
the material quality, have never been explored. Therefore, the reli-
able preparation of crystalline ML-GDY remains a synthetic chal-
lenge.

This study reports a confined-space synthesis method that en-
ables the preparation of ML-GDY with in-plane periodicity by us-
ing MXene as a template. The primary reason for utilizing MX-
ene as a template is due to its relatively large interlayer spac-
ing and weak interlayer interactions between adjacent Ti3C2Tx
layers. This characteristic allows various foreign species, includ-
ing organic molecules and metal ions, to be intercalated with-
out disrupting the crystal structure.[38,39] Consequently, the abun-
dant and regularly spaced interlayer gaps can serve as stable re-
action channels for the in-plane coupling of monomer. In this
method, HEB monomers diffuse into the periodic interlayer gaps
of MXene, where they subsequently polymerize to form the GDY
structure in the presence of Cu ions. The sub-nanometer in-
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terlayer space of MXene acts as a confinement reactor to effec-
tively suppress the random out-of-plane growth or vertical stack-
ing of GDY. Diffraction, atomic-resolution imaging, and spectro-
scopic characterizations provide comprehensive and unambigu-
ous evidence for the diffusion, intercalation, and homocoupling
of HEB monomers within the MXene interlayer space as well as
the formation of ML-GDY therein. The MXene template can be
removed by ion intercalation-assisted liquid phase exfoliation to
obtain free-standing ML-GDY flakes with micrometer-scale lat-
eral dimensions; this allows the fabrication of field-effect transis-
tor (FET) using ML-GDY for the first time. The ML-GDY device
exhibits substantially higher carrier mobility and electrical con-
ductivity than the previously reported multilayer GDY materials.

2. Results and Discussion

2.1. Growth of ML-GDY in MXene

The preparation of ML-GDY began with selectively etching Al
from a dense MAX (Ti3AlC2) phase using HF to obtain a layer-
structured MXene (Ti3C2Tx; T: OH or F) phase (Figure 1a).[38]

Note that although MXenes prepared in this way contain mixed
OH and F groups at interlayer surfaces,[40,39] the structural mod-
els in this report only display OH terminal groups for simplicity.

Scanning electron microscopy (SEM) images revealed that the
as-prepared MXene maintained the lateral dimensions (≈10 μm)
of the pristine MAX crystals while exhibiting lamellar features
along the vertical direction (Figure S2, Supporting Information).
Powder X-ray diffraction (PXRD) patterns indicated that the con-
version of MAX to MXene resulted in a peak shift of the (002)
reflection from 9.53° to 8.82° in 2𝜃, corresponding to an increase
in the d spacing from 0.93 to 1.00 nm (Figure 1b).

The as-prepared MXene powders were dispersed in pyridine
to expand their interlayer spaces through molecular intercala-
tion, as evidenced by the increase in the d(002) spacing to 1.30 nm
(Figure S3, Supporting Information). Next, HEB monomers were
introduced into the MXene suspension in pyridine (Figure 1a).
The addition of HEB results in a further increase in the d(002)
spacing to 1.37 nm (Figure 1b; and Figure S4, Supporting In-
formation), indicating that HEB molecules could also enter the
interlayer space of MXene. The Raman spectrum of the resulting
material showed a band at 2107 cm−1, which is characteristic of
the alkyne groups in HEB,[7] confirming the intercalation of HEB
into MXene (Figure S5, Supporting Information). Because the
limited interlayer space of MXene cannot accommodate “stand-
ing” HEB molecules, the intercalated HEB molecules must adopt
a horizontal in-plane configuration (Figure S4, Supporting In-
formation). Subsequently, Cu ions were added into the suspen-
sion to initiate the Eglinton coupling reaction between HEB
monomers (Figure S6, Supporting Information). A portion of the
Cu ions diffused into the MXene interlayer space, where they
initiated the reaction governed by the steric confinement effect
to form ML-GDY. Meanwhile, free Cu ions and HEB monomers
in the solution yielded amorphous GDY, which could be largely
removed from the GDY-containing MXene by leveraging their
markedly different settling velocities in solution (Figures S7 and
S8, Supporting Information).

The purified GDY-containing MXene (denoted as GDY-
MXene) exhibited the same crystal morphology as the MXene
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Figure 1. Growth of GDY monolayers in MXene. a) Schematic illustration of the process for growing GDY monolayers in the interlayer space of MXene.
b) Experimental PXRD patterns of MAX, MXene, HEB-intercalated MXene (HEB-MXene), and GDY-MXene. The inset is a magnified view of the selected
region in the PXRD pattern of GDY-MXene, showing the in-plane (100) reflection of GDY. c–e) Atomic-resolution HAADF-STEM (upper panel) and
iDPC-STEM (lower panel) images of MAX c), MXene d), and GDY-MXene e) acquired along the [110] zone axis. Insets are the corresponding structural
models. f) Magnified iDPC-STEM image of GDY-MXene. Arrows indicate GDY monolayers grown in the interlayer space of MXene. g) Image intensity
profiles extracted from the marked areas in (c), (d), and (e). Atomic types of the identified columns are labeled, revealing the distinctly different interlayer
structures of the three materials.

template (Figure S9a, Supporting Information). The PXRD re-
sult revealed that the in situ growth of GDY resulted in a further
increase of the d(002) spacing to 1.54 nm (Figure 1b). This d value
corresponds to an available interlayer space of 0.66 nm, which is
just enough to accommodate one layer of GDY (Figure S4, Sup-
porting Information). Notably, GDY-MXene exhibited a diffrac-
tion peak at 2𝜃 of 10.5o with a d spacing of 0.83 nm, which was
larger than the d(004) of MXene while matching the d(100) of the
ideal ML-GDY structure (Figure 1b; and Figure S9b, Supporting
Information). This result indicates that GDY grown in the MXene
interlayer space has in-plane structural order (i.e., is crystalline).
Diffraction peaks with higher indexes were not visible because of
their weak intensities (Figure S9b, Supporting Information) and
the low proportion of ML-GDY compared to MXene.

Control experiments demonstrated that intercalated solvent
(i.e., pyridine) molecules could be removed by vacuum heating,
as manifested by the restoration of the interlayer spacing of MX-
ene; likewise, intercalated Cu ions could be removed by washing
with dilute HCl solution (Figure S10, Supporting Information).
In contrast, after the sequential addition of pyridine, HEB, and
Cu ions, the significantly expanded interlayer spacing of MXene
could not be restored by vacuum heating or HCl washing; this
provides additional strong evidence for the formation of an ex-
tended GDY framework within MXene.

Scanning transmission electron microscopy (STEM) was used
to probe the structural evolution from MAX to MXene and, fi-
nally, to GDY-MXene. For each material, high-angle annular
dark-field (HAADF) and integrated differential phase-contrast

(iDPC)-STEM images were acquired simultaneously to ob-
tain comprehensive structural information; HAADF-STEM can
clearly identify the layered structure composed of Ti, whereas
iDPC-STEM is more sensitive to the interlayer light elements (Al,
O/F, and C).[41] To clearly resolve the atomic columns, the images
were all acquired along the [110] zone axis, using specimens pre-
pared with a focused ion beam (Figure S11, Supporting Informa-
tion).

The HAADF-STEM image of MAX showed alternating Ti3 and
Al layers with strong and weak contrast, respectively (Figure 1c).
The corresponding iDPC-STEM image showed the Al layers
more clearly and even identified the C columns near the Ti
columns (Figure 1c; and Figure S12, Supporting Information),
due to the enhanced contrast of light elements. The HAADF-
STEM image shows that, compared with MAX, MXene has larger
but empty spaces between Ti3 layers (Figure 1d). This observa-
tion is consistent with the PXRD results and indicates the com-
plete removal of Al by selective etching. The iDPC-STEM im-
age of MXene confirmed the absence of Al layers, while iden-
tifying terminal O/F columns on the surfaces of Ti3C2 layers
(Figure 1d; and Figure S13, Supporting Information). Although
the HAADF-STEM image of GDY-MXene was blurred by the
electron beam-induced carbon contamination, it revealed a sig-
nificantly expanded interlayer distance (Figure 1e), consistent
with the PXRD result. Notably, the iDPC-STEM image clearly
showed continuous linear contrast between adjacent Ti3C2Tx lay-
ers (Figure 1e,f), providing the most direct evidence for the suc-
cessful growth of ML-GDY within the interlayer space of MXene.
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Figure 2. Spectroscopic and structural characterization of GDY-MXene. a) Structural model (left) and annular dark field-STEM image (right) of GDY-
MXene along the [110] zone axis. b) The C-K edge EELS spectra collected from the Ti3C2Tx layer (upper) and interlayer space (lower) in GDY-MXene, as
marked in a). The inset shows a magnified view of a portion of the lower spectrum. c) Elemental map (left) and intensity profile (right) based on the C-K
edge (285.5–287.5 eV) EELS spectra collected from the region shown in (a), indicating a high carbon content in the interlayer space. d) Raman spectra of
MXene and GDY-MXene. The left inset is an optical microscopy image of a GDY-MXene crystal etched using a focused ion beam to expose the internal
structure. The cross mark indicates where the Raman spectrum was collected. The right inset shows the Raman spectrum of HEB for comparison.
e) High-resolution C1s XPS spectra of MXene and GDY-MXene. f) SAED pattern of GDY-MXene, showing two sets of hexagonal lattices that can be
assigned to MXene and GDY structures with a 30° orientation relationship. The upper inset is the TEM image of the GDY-MXene crystal from which the
SAED pattern was acquired. The lower inset is a structural model illustrating the orientation relationship between ML-GDY and MXene.

Figure 1g compares the intensity profiles of the marked regions
in the iDPC-STEM images, clearly illustrating the differences in
the interlayer structure between the three materials. The large-
area STEM image of GDY-MXene demonstrates the uniform dis-
tribution of ML-GDY throughout the specimen (Figure S14, Sup-
porting Information). Parallel experiments introduce the double
amount of HEB also synthesized one-layer GDY between two
adjacent Ti3C2Tx layers (Figure S15, Supporting Information),
demonstrating a self-limiting process in ML-GDY growth within
MXene and the reproducibility of this method.

Electron energy loss spectroscopy (EELS) was performed dur-
ing STEM imaging of GDY-MXene (Figure 2a). The high-energy
resolution (≈50 meV) allowed probing different chemical states
of carbon species. As shown in Figure 2b, the C-K edge EELS
spectra acquired from the Ti3C2Tx layer and the interlayer space
(i.e., ML-GDY) differ in the energy-loss near-edge structure

(ELNES). Compared with Ti3C2Tx,[42] the ELNES of ML-GDY
shifts slightly to the high energy region, where the primary peak
at 285.51 eV and the shoulder peak at 285.92 eV can be attributed
to the 1s→𝜋* excitation of carbon–carbon double bonds and the
1s→𝜋* excitation of carbon–carbon triple bonds, respectively.[43]

An additional peak is observed at 287.75 eV, which may origi-
nate from the C─O bonds generated by the partial oxidation of
ML-GDY.[8] The elemental map based on the C-K edge (285.5–
287.5 eV) EELS (Figure 2c) shows stripes with alternating strong
and weak intensities, which matches the HAADF-STEM image
(Figure 2a) but with the reversed contrast. This result indicates
that the carbon content of the interlayer space is higher than that
of the Ti3C2Tx layer, demonstrating a high filling rate of ML-GDY
in MXene.

To avoid possible interference from GDY formed in solution,
a focused ion beam was used to remove the outer surface of a
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GDY-MXene crystal and then characterized the exposed inner
structure using Raman spectroscopy (Figure S16, Supporting In-
formation). The obtained Raman spectrum showed a band at
2174 cm−1, which is characteristic of the diacetylenic linkages
in the extended network (Figure 2d).[7,9,44,45] During the acqui-
sition of Raman spectra, the laser irradiation would concurrently
damage the structure of GDY, leading to the formation of some
structural defects, which subsequently results in a large D to G
band ratio in the Raman spectra of ML-GDY.[46] The absence of
the band associated with terminal alkynes at 2107 cm−1 indicates
a high degree of HEB coupling, while the appearance of G and
D bands provides additional evidence for the formation of GDY
within MXene (Figure 2d). Moreover, the Raman intensity map
shows a uniform distribution of diacetylenic linkages over the in-
vestigated region (Figure S17, Supporting Information). The XPS
full spectrum of GDY-MXene after HCl washing indicates that
negligible Cu residue is present (Figure S18a, Supporting Infor-
mation). The spectral fitting results of C 1s XPS show that, com-
pared with MXene, GDY-MXene had an additional peak related
to the carbon–carbon triple bond[6,28] and a significantly lower C-
Ti peak (Figure 2e; and Figure S18b, Supporting Information).
The presence of amorphous carbon with carbon–carbon single
and double bonds in MXene has been previously reported and
ascribed to contaminants introduced during synthesis.[47] The de-
tection of sp-hybridized carbons further evidences the formation
of GDY in MXene.

Selected area electron diffraction (SAED) was performed on
the periphery of a GDY-MXene crystal, where the crystal was
thin enough to allow electron beam penetration. The acquired
SAED pattern shows the coexistence of two sets of hexagonal
lattices (Figure 2f). The lattice composed of strong diffraction
spots with small d values can be well indexed based on the [001]-
projected MXene structure (a = b = 0.31 nm). The lattice com-
posed of weak diffraction spots with large d values matches the
SAED pattern simulated from an ideal 2D hexagonal ML-GDY
structure (a = b = 0.96 nm) (Figure 2f; and Figure S19, Sup-
porting Information).[6] The SAED result not only reinforces the
conclusion from PXRD that the ML-GDY grown in the inter-
layer space of MXene is crystalline, but also reveals the 30° ori-
entation relationship between ML-GDY and the MXene template
(Figure 2f).

2.2. Free-Standing GDY Monolayers

MXene can be easily exfoliated into Ti3C2Tx monolayers by
sonication in solution (Figure S20, Supporting Information),[48]

whereas the same treatment cannot decompose GDY-MXene
(Figure S21, Supporting Information), implying that the growth
of ML-GDY led to stronger interlayer interactions. In order
to obtain free-standing GDY monolayers from GDY-MXene
(Figure 3a), Li2SiF6 was used to facilitate the liquid-phase exfo-
liation via Li+ intercalation.[10] The Li+ intercalation into GDY-
MXene increased its interlayer spacing (Figure S22, Support-
ing Information), after which GDY-MXene crystals were decom-
posed by sonication to form a homogeneous suspension in wa-
ter (Figure 3b). The powder collected from the suspension was
dispersed on a silicon wafer and then characterized using graz-
ing incidence X-ray diffraction. Three reflections were observed,

attributed to the (002) and (004) planes of GDY-MXene after
Li+ intercalation and the (100) planes of ML-GDY, respectively
(Figure S23, Supporting Information). This result demonstrates
that the ordered in-plane structure of ML-GDY was preserved
during the sonication-assisted exfoliation process, but also in-
dicates that GDY-MXene crystals were not completely exfoliated
into GDY and Ti3C2Tx monolayers.

Although the obtained powder is a mixture of GDY mono-
layers, Ti3C2Tx monolayers, and residual GDY-MXene sheets,
GDY monolayers could be identified by atomic force microscopy
(AFM). AFM revealed flakes of different thicknesses, the thinnest
region being 0.59 nm (see Figure 3b,c). Given that the thickness
of Ti3C2Tx monolayer is about 1.5 nm (Figure S24, Supporting
Information), flakes with sub-nanometer thicknesses can be as-
signed to GDY monolayers.[10,35] One potential explanation for
the measured thickness being greater than the theoretical thick-
ness of ML-GDY (0.34 nm) could be the entrapment of air or wa-
ter molecules between the ML-GDY and the SiO2/Si substrate
during the transfer process. Statistics based on AFM observa-
tion of 150 GDY monolayers give a lateral dimension distribu-
tion of 0.3–2.4 μm centered at 0.75 μm (Figure S25, Supporting
Information). Based on the content of ML-GDY gathered from
the AFM image statistics and its theoretical density, we estimate
its yield to be ≈35.8%. The Raman spectra collected from a sub-
nanometer-thick flake (pre-identified using AFM) showed the
band characteristics of GDY (Figure 3d). Raman mapping im-
age of diacetylenic linkages (2120–2230 cm−1) confirms the ho-
mogeneous GDY structure (Figure 3e). The gradually decreasing
signal intensity in the Raman spectral series can be attributed
to the damaging effect of prolonged laser irradiation (Figure
S26, Supporting Information). High-resolution C1s XPS (Figure
S27, Supporting Information) of the sub-nanometer flake is com-
posed of sp- and sp2-hybridized carbon which is consistent with
the structure of GDY.

Under transmission electron microscopy (TEM), free-standing
GDY monolayers can be identified from the weakest image
contrast combined with the lack of Ti element determined
by EELS or energy-dispersive X-ray spectroscopy (Figure S28,
Supporting Information). The acquired SAED pattern well
matches with simulated SAED pattern of ML-GDY (Figure 3f;
and Figure S18, Supporting Information), indicating the in-
plane periodicity of ML-GDY is retained after exfoliating from
MXene interlayer. It was found that the diffraction spots
rapidly disappeared during SAED, suggesting that the struc-
ture of ML-GDY is extremely sensitive to electron beam ir-
radiation. Moreover, free-standing ML-GDY continuously vi-
brates and drifts under the electron beam. Therefore, it is
challenging to obtain a high-resolution TEM (HRTEM) im-
age that showcases the inherent structure. The HRTEM im-
age we were able to capture, combined with its fast Fourier
transformation (FFT), further reveals the periodicity of free-
standing GDY monolayers (Figure S29, Supporting Informa-
tion). We compared the EELS spectra collected from a free-
standing ML-GDY and the amorphous carbon film of the TEM
grid (Figure 3g,h). In the low-loss region, the spectrum of ML-
GDY reveals a bandgap of 1.04 eV, which is in good agree-
ment with the theoretical prediction using the first-principles
calculations;[49] in contrast, the spectrum of amorphous carbon
film showed no bandgap excitation (Figure 3g). In the core-loss
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Figure 3. Preparation and characterization of free-standing ML-GDY. a) Schematic illustration showing the preparation of free-standing ML-GDY from
GDY-MXene by ion intercalation-assisted exfoliation. b) AFM image of the exfoliated GDY-MXene powder, showing a mixture of flakes of different
thicknesses. Inset is a photograph of the suspension obtained after the exfoliation process. c) AFM height profiles of the four labeled flakes in (b).
d) Raman spectra of a ML-GDY and Ti3C2Tx monolayer flakes (preidentified using AFM). e) Raman intensity map of a ML-GDY flake based on the
signals at 2120–2230 cm−1. Inset is the corresponding AFM image. The indicated height of 0.61 nm corresponds to the lowest value in the profile. f)
TEM images of a free-standing ML-GDY and SAED pattern (inset). Low-loss g) and core-loss h) EELS spectra collected from free-standing ML-GDY and
the amorphous carbon film of the TEM grid. Inset in (g) is a STEM image of the area where the EELS was conducted. Inset in (h) is the magnified EELS
spectrum of ML-GDY.

region, ML-GDY exhibits a shoulder peak at 285.91 eV, asso-
ciated with the 1s→𝜋* excitation of sp carbon bonded carbon–
carbon triple bonds,[43] which is not observed in the spec-
trum of amorphous carbon (Figure 3h). Moreover, the amor-
phous carbon has stronger 𝜎* excitation than ML-GDY, sug-
gesting a higher density of sp3 carbon (Figure 3h). These
results demonstrate that, despite the inevitable partial struc-
tural damage during EELS, free-standing ML-GDY displays dis-
tinctly different properties from amorphous carbon, includ-
ing a well-defined bandgap and the presence of sp-hybridized
carbon.

2.3. Electronic Properties of ML-GDY

Semiconducting 2D materials are considered critical for the
development of next-generation electronic devices. Theoreti-
cal studies indicate that GDY is a semiconductor with elec-
tronic properties varying with the number of layers. To date,
only multilayer GDY materials have been tested.[4,7,8,21,34,50–53]

The confined-space synthesis reported here enables the prepa-
ration of isolated ML-GDY, thus allowing the first measure-
ment of its electronic properties by fabricating a series of FET
devices.

Adv. Mater. 2024, 36, 2308429 © 2023 Wiley-VCH GmbH2308429 (6 of 10)
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Figure 4. Fabrication and measurements of ML-GDY FETs. a) Schematic illustration of the structure of the ML-GDY FET device. b) Ids−Vds characteristic
of ML-GDY measured at 298 K. The upper left inset is a top-view SEM image of the device and bottom right is a cross-sectional HAADF-STEM image of
the device. c) Conductivities and resistances (inset) of ML-GDY as an inverse function of temperature. d) Transfer characteristic curve of the ML-GDY
FET at Vds = 0.05 V. The inset shows output characteristic curves of ML-GDY FET recorded under various Vg biases from −20 to 20 V. e) Comparisons
of ML-GDY with previously reported multilayer GDY materials in conductivity and carrier mobility.

The ML-GDY FET was fabricated by depositing Au/Ti on ML-
GDY as source and drain terminals and using single-crystal Si as
the bottom gate and SiO2 as the dielectric layer (Figure 4a; and
Figure S30, Supporting Information). The AFM and Raman char-
acterization results confirmed that the devices were fabricated on
ML-GDY (Figure S31, Supporting Information). The gate leakage
current density of the fabricated ML-GDY FET was as low as 10−3

A cm−2 at ± 30 V (Figure S32a, Supporting Information), con-
firming the excellent insulating properties of the dielectric SiO2
layer. The linear Ids–Vds curve measured at 298 K indicated an
ohmic contact between ML-GDY and electrodes (Figure 4b), and
the calculated conductivity of ML-GDY was 5.1 × 103 S m−1. The
conductivity of ML-GDY increased with the measurement tem-
perature and reached 7.1 × 103 S m−1 at 398 K (Figure 4c; and
Figure S32b, Supporting Information). This behavior suggests
that ML-GDY is a semiconductor while demonstrating its good
thermal stability.

The transfer characteristic curve (at Vds = 0.05 V) of the ML-
GDY FET showed a spurt in current growth at Vg = ≈2.5 V. The
current reduction during the forward sweep of Vg indicated hole-
dominated conduction and thus the p-type nature of ML-GDY

(Figure 4d).[8,34] The output characteristic curves of the device ex-
hibited an obvious evident gate control property (Figure 4d, in-
set), which was not observed in previously reported multilayer
GDY-based FETs. The carrier mobility of ML-GDY was calcu-
lated using the equation μ = [dIds/dVg][L/(WCgVds)],

[54] where L
is the channel length of the FET, W is the width of ML-GDY (see
Figure 4a), and Cg = 34.5 nF cm−2. The calculated carrier mo-
bilities from three independent FET devices were 247.1, 213.7,
and 233.3 cm2 V−1 s−1 (Figure S33 and Table S1, Supporting In-
formation), respectively, with an average value of 231.4 cm2 V−1

s−1. Furthermore, the ML-GDY-based device showcases a notable
Ion/Ioff ratio of 1.2 × 103, indicating its potential applications of
FETs.

As summarized in Figure 4e, ML-GDY exhibits higher elec-
trical conductivity and carrier mobility than previous multilayer
GDY materials prepared using various methods (see details in
Table S2, Supporting Information). ML-GDY also shows compa-
rable electronic properties with other 2D materials synthesized
through solution methods (Table S3, Supporting Information).
ML-GDY’s outstanding electronic properties can be attributed to
its high structural order achieved by the confined-space synthesis

Adv. Mater. 2024, 36, 2308429 © 2023 Wiley-VCH GmbH2308429 (7 of 10)
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and single-atom thickness. Nevertheless, the measured carrier
mobility of ML-GDY is still considerably lower than theoretical
prediction values, which may be due to the partial structural
damage of ML-GDY and the introduction of contamination
during the fabrication of the FET devices.

3. Conclusion

High-quality materials with well-defined structures provide the
basis for reliable mechanistic and performance studies. Despite
numerous research efforts, the synthesis of crystalline monolayer
GDY remains a grand challenge, hindering the development of
its applications. In this work, we demonstrated that the limited
interlayer space in MXene can be exploited to facilitate the 2D
growth of GDY and avoid vertical stacking. The efficient genera-
tion of ordered GDY monolayers throughout MXene crystals was
fully demonstrated by combined diffraction, atomic-resolution
imaging, and spectroscopic characterization. Free-standing ML-
GDY flakes with micrometer-scale lateral dimensions were ob-
tained from the GDY-MXene composite via ion intercalation-
assisted liquid-phase exfoliation, and their retained in-plane pe-
riodicity and single-atom thickness were verified. Free-standing
ML-GDY allows the fabrication of unprecedented ML-GDY FETs.
According to FET measurements, the as-prepared ML-GDY be-
haves as a p-type semiconductor, exhibiting an average carrier
mobility of 231.4 cm2 V−1 s−1 and a conductivity of 5.1 × 103 S
m−1 at room temperature, which is superior to various previously
reported multilayer GDY materials. The synthetic strategy devel-
oped in this work represents a new route to fabricating monolayer
2D structures not viable using conventional synthesis.

4. Experimental Section
Preparation of MXene: The MXene material was prepared from a com-

mercial MAX (Ti3AlC2) phase using an established method.[38] In a typical
procedure, 1 g of MAX was added to an argon-filled Teflon reactor, followed
by 20 mL of HF solution (30%) under stirring, and continued at room tem-
perature for 22 h. The sediment was collected by centrifugation (10 min,
8000 rpm) and washed by deionized H2O repeatedly until the pH of the
supernatant reached neutral. The obtained powder (MXene) was freeze-
dried.

Synthesis of HEB: Tetrabutylammonium fluoride (1 m in THF, 0.5 mL)
was added to 20 mL of THF containing 50 mg of hexakis[(trimethylsilyl)-
ethynyl]benzene under an argon atmosphere, and the mixture was stirred
at 0 °C for 15 min. The mixture was then washed twice with 50 mL of sat-
urated NaCl solution, dried over anhydrous MgSO4, and filtered. The sol-
vent was evaporated, and the residue was redissolved in 20 mL of EtOAc.
The solution was purified by chromatography using a short silica gel col-
umn (length: 2 cm; diameter: 2.5 cm). Finally, the solvent was removed
by evaporation, and the obtained white solid (HEB) was dissolved in 5 mL
of EtOAc. Note that since HEB is unstable at room temperature and sen-
sitive to oxygen, all these procedures should be performed quickly in the
dark and the HEB solution should be stored at 4 °C under argon. The 1H
NMR (400 MHz, DMSO) and 13C NMR (125 MHz, DMSO) spectra of HEB
are presented in Figure S34 (Supporting Information).

Growth of ML-GDY in MXene: MXene powder (50 mg) was dispersed
in 20 mL of pyridine under an argon atmosphere, and the obtained sus-
pension was ultrasonicated for 5 min. Then, 5 mL of HEB solution pre-
pared in the previous step was dropwise added into the MXene suspen-
sion, and the resulting mixture was stirred at 0 °C for 5 h. Next, 5 mL of
pyridine containing 25 mg of Cu(OAc)2 was added. After 24 h of reaction at

room temperature under static conditions, the supernatant was carefully
removed and the solid was collected by filtration and washed by pyridine,
N,N-dimethylformamide, and water successively. To remove residual Cu,
the solid was immersed in 10 mL of 0.5 m HCl for 10 h. Finally, the solid
was collected by filtration, washed thoroughly with deionized water and
ethanol, and air dried.

The resultant powder was subjected to a separation process to remove
amorphous GDY formed in solution from GDY-MXene crystals by lever-
aging their different settling velocity. In brief, 50 mg of the powder was
dispersed in 20 mL of deionized water and stirred for 10 min to obtain a
suspension. This suspension was then allowed to settle undisturbed for
15 min. Subsequently, the upper aqueous dispersion was gently removed
and the settled precipitate was gathered through filtration. This process
was repeated thrice. Finally, the purified GDY-MXene was left to air dry.

Preparation of Free-Standing ML-GDY: Free-standing GDY monolay-
ers were prepared using ion intercalation-assisted liquid phase exfoliation.
Typically, 50 mg of Li2SiF6 was added to 20 mL of water, followed by 20 mg
of GDY-MXene. The mixture was continuously stirred at 25 °C for 48 h
under an inter gas atmosphere to ensure complete intercalation of Li into
GDY-MXene. The Li-intercalated GDY-MXene was collected by centrifuga-
tion (8000 rpm for 15 min) and washed thoroughly with deionized water
to remove the residual Li2SiF6. The obtained solid was dispersed in 50 mL
of H2O and then ultrasonicated (power: 1000 W) at 0 °C for 30 min. The
resulting homogenous suspension contained GDY monolayers, Ti3C2Tx
monolayers, and incompletely exfoliated GDY-MXene sheets.

Fabrication and Measurements of ML-GDY FETs: A 1 × 1 cm SiO2
(100 nm)/Si (0.5 mm) substrate was treated with O2 plasma for 10 s.
Then, 10 μL of the suspension containing GDY monolayers (i.e., the sus-
pension that had undergone the exfoliation process) was added dropwise
on the SiO2/Si substrate. After air drying, the substrate was kept under
vacuum at 60 °C for 2 h. Then, electrode patterns were fabricated on ML-
GDY flakes using electron beam lithography. Gold and titanium stacks
with thicknesses of 100 and 10 nm, respectively, were deposited as elec-
trodes by sputter coating and lift-off procedures to form a ML-GDY FET
with a 1 μm channel length. A semiconductor analyzer (Keithley 4200SCS)
was used to determine the conductivity and transfer characteristics of the
ML-GDY FET. The I–V curves at different temperatures were measured us-
ing a Keithley 4200SCS with a heating stage (IKA RCT 5 digital).

The calculation of mobility is based on the following equations

𝜇 =

[
dIds

dVg

] [
L

WCgVds

]
(1)

Cg =
𝜀r𝜀0

d
(2)

where L is the channel length of the FET, W is the width of the ML-GDY
flake, d is the thickness of the SiO2 layer, 𝜖r is the dielectric constant of
SiO2, and 𝜖0 is the vacuum dielectric constant.

The calculation of conductivity is based on the following equation

𝛿 = L
RWH

(3)

where L and R are the channel length and resistance of the ML-GDY FET,
respectively; W and H are the width and thickness of ML-GDY, respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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