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Two-dimensional (2D) non-layered semiconductors have attracted tremendous research interest due to

their exotic structural and electronic properties compared with their layered counterparts. However, the

lack of large-scale growth methods greatly hinders their application. In this work, we have proposed

a gas–liquid heterogeneous reaction strategy to suppress the diffusion of the involved reactants,

resulting in the anisotropic growth of centimeter-scale 2D non-layered CdS film at the gas–liquid

interface. The thickness of the 2D film can be effectively modulated in the range from 10 to 50 nm by

adjusting the viscosity of the liquid solvent. A photodetector designed on the CdS film exhibits a high

photoswitching (Ilight/Idark) ratio (up to 2 × 103), high specific detectivity (∼1011 Jones) and excellent

stability. Moreover, centimeter-scale 2D ZnS, TiO2, SnO2 and even layered MoS2 were also obtained by

designing corresponding reaction systems, illustrating the apparent universality of the “gas–liquid”

strategy. Our results pave a novel avenue for the growth of wafer-scale 2D materials, especially non-

layered ones, which will foster their potential applications in integrated optoelectronics.
1 Introduction

2D semiconductors, with thickness-dependent bandgaps,1–3

quantum connement effects,4 enhanced electron–hole interac-
tion strength5 and effective valley polarization,6,7 have been
considered as the best candidates for next-generation electronic
and optoelectronic devices.8–15 Layered materials, such as
graphite or transition-metal dichalcogenides, are held together
by van derWaals interactions and can be easily exfoliated into 2D
planar structures through mechanical shearing,16 ion intercala-
tion,17,18 layer-resolved splitting techniques19 and so on. However,
most semiconductors, especially the common III–V and II–VI
species, are non-layered structures.20 The inherent strong cova-
lent bonding in three dimensions makes them more difficult to
exfoliate into 2D sheets than their layered counterparts.21 More-
over, when their thickness is reduced to the atomic scale, abun-
dant exposed dangling bonds and unsaturated atoms will cause
a dramatic increase in their surface energy,22–24 which hinders
their 2D anisotropic growth. The key to the synthesis of 2D non-
layered materials lies in achieving a driving force that fosters
ring, Zhengzhou University, Zhengzhou
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, China. E-mail: qhcui@bjtu.edu.cn

tion (ESI) available. See DOI:

12557
competition between lateral and vertical growth.25–29 Currently
available strategies use so or hard templates, such as surfactant
monolayers,30–32 lamellar intermediates,33–35 2D sacricial
templates36,37 or layered-structure precursors,38,39 and conned
spaces,40–42 to direct the 2D anisotropic growth of non-layered
crystals. Nevertheless, these templates are only applicable in
some specic scenarios and a generic template is still lacking.

In common homogeneous reaction systems, all involved
precursors are well mixed and can migrate freely in three
dimensions. The morphology of the products is primarily
determined by the crystal surface energy.43 Crystal growth rates
in directions perpendicular to high-index planes with high
surface energy are typically much faster than those along the
normal directions of low-index planes.44 Consequently, high-
index planes are rapidly eliminated, generally resulting in the
formation of three-dimensional nanocrystals.45,46 Alternatively,
in heterogeneous reactions, mass diffusion perpendicular to
the biphase interface is severely suppressed. Initial products
always prefer to grow along the contact boundary of the involved
reactants and the biphase interface would be a natural 2D
template for synthesizing ultrathin non-layered materials.47–49

The practicability of these templates has been validated in our
previous works.50,51 Various ultrathin non-layered nanosheets,
such as orthorhombic Bi2S3, monoclinic MoO2, monoclinic
CuO, anatase TiO2 and cubic Al2O3, have been successfully
synthesized by designing appropriate solid–solid heteroge-
neous reaction systems. Unfortunately, solid–solid interfacial
templates are normally only continuous over a few hundred
© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanometers. The lateral size of the obtained 2D non-layered
materials is inevitably limited to less than one micrometer,
which cannot satisfy instrumentation and integration
requirements.52–55 Conversely, the gas–liquid interface is theo-
retically at and continuous on an innite scale,56,57 making it
a promising heterogeneous system for the synthesis of wafer-
scale 2D semiconductors.

In this work, we have designed a gas–liquid heterogeneous
reaction system to trigger the 2D anisotropic growth of a non-
layered CdS semiconductor. Centimeter-scale free-standing
polycrystalline CdS lm, with an average thickness of about
16 nm, was successfully synthesized at the gas–liquid inter-
phase boundary. The thickness of the 2D lm can be well
controlled in the range from 10 to 50 nm by modulating the
viscosity of the liquid precursors. Photodetector arrays were
prepared to evaluate the instrumentation and integration
potential of the as-grown CdS lm.58–60 A photodetector
designed with 2D non-layered CdS lm exhibited a high pho-
toswitching ratio (up to 2 × 103), high specic detectivity (∼1011

Jones) and excellent stability. In addition, we further extended
this gas–liquid synthesis strategy to the growth of 2D non-
layered ZnS, TiO2, SnO2 and layered MoS2 lms. Centimeter-
scale ultrathin lms were formed at the interfaces, verifying
the universality of the proposed strategy. We anticipate our
ndings will bring forth inspiration regarding wafer-scale
growth techniques for 2D materials, particularly for non-
layered semiconductors.

2 Results and discussion
2.1 Growth mechanism and characterization of CdS lms

In a typical gas–liquid heterogeneous reaction, the gaseous
reactants always start with a condensation transition from the
Fig. 1 The mass diffusion barrier in a gas–liquid reaction. Schematic d
without (a) an added liquid precursor. Photographs (bottom) and optical m
solution with (d) and without (b) added CdCl2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
gas to the liquid phase,61 where they can undergo subsequent
chemical conversion.62 Gas-to-liquid condensation is generally
an exothermic process (DH < 0), but is always accompanied by
a dramatic entropy decrease (DS < 0). Thus, this condensation
transition will be severely suppressed at high temperatures (DG
= DH − TDS > 0) and the liquid surface will become an over-
whelming barrier to the entrance of gaseous reactants (Fig. 1a).
However, when a liquid precursor is involved, the additional
reaction enthalpy can compensate for the entropy decrease and
induce the condensation of the gaseous reactants (Fig. 1c). The
condensation process will be accompanied by the correspond-
ing chemical reaction, primarily occurring at the gas–liquid
interface. Once the reaction rate is much faster than the mass
diffusion rate in the liquid phase, the reaction will be restricted
within a thin layer on the liquid surface, driving the 2D aniso-
tropic growth. We chose CdS, a well-known non-layered semi-
conductor, as the model target to verify the feasibility of the
proposed gas–liquid synthesis strategy.

The gas–liquid heterogeneous reaction was carried out in
a tube furnace (Fig. S1†). N2 was used as the carrier gas. An
aluminium oxide boat containing thiourea powder was placed
in the center of the tube at 180 °C (above the decomposition
temperature of thiourea, Fig. S2†) to produce gaseous sulfur.
CdCl2/starch/glycerin solution was placed downstream of the
tube furnace at 80 °C, acting as a stable liquid precursor with
specic viscosity (Fig. S3†). The starch was used to increase the
viscosity of the solution, resulting in sluggish mass diffusion in
the liquid phase. Aer thermal treatment for 2 h, a yellow CdS
membrane was obtained on the solution surface (Fig. 1d),
indicating the successful capture of the gaseous sulfur.
However, no signicant sulfureous deposit is observed in the
blank solution without CdCl2 (Fig. 1b), consistent with the
iagrams showing the interfacial capture of gas reactants with (c) and
icroscope images (top) of the thiourea-steam-treated starch/glycerin

Chem. Sci., 2025, 16, 12548–12557 | 12549
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standard methylene blue spectrophotometric method results
(Fig. S4†). This proves the validity of our proposed gas–liquid
heterogeneous reaction model.

As shown in Fig. 1d, the as-formed CdS lm oats on the
liquid surface, enabling effortless conformal transfer of the 2D
lm to various substrates (Fig. 2a, S5 and S6†). Fig. 2a shows
a typical CdS lm on a glass substrate with a lateral size in the
centimeter range. In the corresponding optical microscopy
(OM) and scanning electron microscope (SEM) images (Fig. 2b
and c), the CdS lms show homogeneous contrast with the
substrate, indicating the uniform thickness of the synthesized
2D CdS lm. To further conrm the 2D morphology and
structure of the obtained CdS lm, we performed transmission
electron microscope (TEM), high-resolution transmission elec-
tron microscope (HRTEM), selected area electron diffraction
(SAED) and X-ray diffraction (XRD) measurements. Low-
magnication TEM images (Fig. 2d, and S7†) exhibit a nearly
transparent appearance with low contrast, demonstrating the
ultrathin nature of the as-prepared CdS lm. The discontinuous
and chaotically arranged lattice fringes in the HRTEM image
reveal the polycrystalline nature of the CdS lm (Fig. 2e), and
lattice fringes with planar spacings of 0.326 nm and 0.197 nm
were observed, consistent with the SAED observations (Fig. 2f).
The XRD pattern exhibits three weak diffraction peaks, which
can be unambiguously indexed to the (010), (002), and (011)
crystallographic planes of non-layered hexagonal CdS (PDF# 41-
1049, Fig. 2h). This is consistent with the SAED and HRTEM
Fig. 2 Morphological and structural characterization of the CdS film. (a)
substrate. (b and c) Optical and SEM images of the CdS film. Low-magn
pattern of the obtained CdS film. (g) An XRD image of the CdS film. (h) The
and Cd atoms, respectively. (i) An AFM image of the CdS film.

12550 | Chem. Sci., 2025, 16, 12548–12557
results (Fig. 2e and f). The observed broadened XRD peaks
indicated a relatively low degree of crystallinity (Fig. 2g). This
phenomenon was attributed to the kinetically controlled
synthesis conditions at a low reaction temperature (80 °C).
Under this low-temperature regime, atomic diffusion and
rearrangement were signicantly restricted, leading to the
formation of nanoscale crystalline domains (Fig. 2e). Film
thickness calibration was accomplished by atomic force
microscopy (AFM) measurements. The obtained CdS lm was
about 16 nm in height with a uniform and smooth surface
(Fig. 2i).

Energy-dispersive X-ray spectroscopy (EDS) and X-ray
photoelectron spectroscopy (XPS) measurements were
employed to identify the elemental composition and atom
coordination of the obtained lm. Themapping images conrm
that Cd and S elements are uniformly distributed over the entire
lm (Fig. 3a–c). The Cd/S molar ratio was approximately 1 : 1
based on the corresponding EDS spectrum (Fig. S8†), aligning
with the stoichiometric ratio of CdS crystals. The Cd 3d XPS
spectrum of the 2D lm exhibits two characteristic peaks at
405.2 eV and 411.8 eV (Fig. 3d), which correspond to the 3d5/2
and 3d3/2 orbital electrons of Cd

2+, respectively. In addition, the
two prominent peaks at 162.7 eV and 161.5 eV in the S 2p
spectrum are assigned to the S 2p1/2 and S 2p3/2 orbitals of S

2−

(Fig. 3e). These values match well with the general ngerprint of
the bulk CdS sample. However, the S 2p spectrum of 2D CdS
lm also contains an additional broad peak located at 168.7 eV,
A photograph of the centimeter-scale CdS film transferred onto a glass
ification TEM (d) and HRTEM (e) images of the CdS film. (f) The SAED
crystal structure of the CdS film; the yellow and green balls represent S

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 EDS and XPS characterization of the CdS film. (a–c) An STEM image and EDS elemental mapping of Cd and S for the as-prepared CdS film.
(d and e) Cd 3d and S 2p XPS spectra for the 2D CdS film and bulk CdS. (f) Raman spectra of the 2D CdS film and bulk CdS.
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which is attributed to the formation of S–O bonds.63 These
might arise from the numerous surface dangling bonds present
in non-layered two-dimensional CdS lms that serve as chem-
ical adsorption sites for oxygen species. Subsequently, we
retrieved CdS lms from different directions to alter the
exposed surfaces and compared the chemical states of their top
and bottom surfaces. Both surfaces maintain identical Cd2+ and
S2− coordination. However, the bottom surface of the CdS lm
contains a higher density of S–O bonds, which might result
from the hydroxyl-rich environment of the glycerol/starch liquid
precursor (Fig. S9a–c†). The Raman spectrum of CdS lm shows
two peaks at frequencies of approximately 297.1 and 595.5 cm−1

(Fig. 3f), corresponding to the rst-order and second-order
longitudinal optical (LO) modes. Compared with the bulk
sample, the LO signals of the 2D lm exhibit a signicant red
shi (∼10 cm−1) along with broadening effects, which result
from an attenuation in oscillator strength associated with Cd–S
bonds induced by the ultrathin thickness.
Fig. 4 Characterization of the CdS film growth process. Optical images
40 min, (c) 80 min, and (d) 120 min. (e) A schematic diagram of the CdS

© 2025 The Author(s). Published by the Royal Society of Chemistry
The intermediates at the gas–liquid interface were collected
aer different reaction times to investigate the formation
mechanism of the CdS lm. OM images in Fig. 4a–d and the
provided schematic diagram (Fig. 4e), illustrate the structural
evolution of the lm. As shown in Fig. 4a, the gas–liquid
interface is at and continuous over the entire eld of view, and
it is an ideal heterogeneous template to direct 2D anisotropic
growth on a large scale. In the initial stage, separated 2D CdS
akes formed on the liquid surface (Fig. 4b). These isolated
akes then laterally grew along the gas–liquid interface and
gradually merged into a continuous lm (Fig. 4c). This evolu-
tion process indicated that the vertical growth of CdS was
severely suppressed and that chemical conversion was
restricted within a thin layer on the liquid surface, highly
consistent with the proposed gas–liquid heterogeneous reaction
model illustrated in Fig. 1. The formed 2D lm oated on the
liquid surface, which would hinder the subsequent meeting of
the gas and liquid precursors. Thus, the heterogeneous
of the interface products after different reaction times: (a) 0 min, (b)
film growth process.

Chem. Sci., 2025, 16, 12548–12557 | 12551
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interfacial reaction was spontaneously terminated and
a complete CdS lm was obtained on the liquid surface
(Fig. 4d). The lateral size of the as-prepared 2D lm is solely
determined by the area of the gas–liquid interface. Theoreti-
cally, the innitely extendable gas–liquid interface would make
it possible to synthesize 2D lms with an arbitrary lateral size.
Fig. S10† presents the morphology of CdS synthesized via
a normal solvothermal reaction, in which Cd ions and thiourea
were mixed well and homogeneously dispersed in starch/
glycerin solution. Clear nanoparticles rather than 2D-shaped
nanosheets were obtained, further conrming the key role of
the heterogeneous reaction system in the 2D anisotropic growth
of CdS lm.

As the physical and chemical properties of a 2D material are
strongly dependent on its thickness, it is essential to develop an
efficient method for controlling the thickness of 2D CdS lm.
According to the gas–liquid heterogeneous reaction model
illustrated in Fig. 1, the thickness of 2D CdS lm was mainly
determined by the diffusion depth of the sulfur source. Thicker
lm would be obtained when the sulfur precursors or
Fig. 5 Regulation of the thickness of wafer-scale CdS films. (a) A schem
viscosity conditions. (b) A plot of the solution viscosity versus the starch/g
of the CdS films synthesized with different starch/glycerol ratios: (c, f an

12552 | Chem. Sci., 2025, 16, 12548–12557
intermediates have a longer diffusion distance before being
captured (Fig. 5a). Based on the Stokes–Einstein equation, the
diffusion coefficient (D) is inversely proportional to the viscosity
of the liquid phase, which can be well regulated by adjusting the
amount of starch added (Fig. S11†). At 80 °C (the growth
temperature for CdS lm), the viscosity of the starch/glycerin
solution dramatically increased from 0.5 × 104 to 8.9 × 104

mPa s upon increasing the starch/glycerin weight ratio from 0.1
to 0.3 (Fig. 5b). By varying the amount of starch added while
keeping the other conditions (e.g., the temperature and
concentration of CdCl2) constant, we found that the thickness
of the produced CdS lm (Fig. 5c–k) shows a systematic
response to the increase in liquid viscosity. The average thick-
ness of the obtained CdS lm is about 51, 28 and 13 nm when
the starch/glycerin weight ratio is 0.1, 0.2 and 0.3, respectively
(Fig. S12†).

2.2 Optoelectronic performance of the 2D CdS lms

To evaluate the photoelectric performance of the as-grown CdS
lm, photodetectors were fabricated by thermally depositing Au
atic diagram of the gas–liquid reaction under high-viscosity and low-
lycerol ratio at 80 °C. Typical OM, SEM and corresponding AFM images
d i) 0.1; (d, g and j) 0.2; and (e, h and k) 0.3.

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01700a


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

1/
1/

20
25

 1
1:

40
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
electrodes on the CdS lm using copper mesh as a mask.64,65

The centimeter-scale dimensions of the CdS lm enable the
simultaneous deposition of nearly a hundred pairs of elec-
trodes, signifying great potential for large-scale device array
integration.66 Fig. S13† shows optical images of Au–CdS–Au
photodetector arrays on a SiO2/Si substrate. Each device has
a width of 25 mm and a length of 58 mm, resulting in an effective
illumination area of 1.45 × 10−5 cm2 (Fig. 6a, inset). The UV-
visible absorption spectrum of CdS, shown in Fig. 6b, clearly
indicates signicant light absorption below 500 nm. As a typical
direct-bandgap semiconductor, the band gap (Eg) of CdS can be
determined using Tauc's relation: (ahn)2 = k (hn − Eg), where
a is the absorption coefficient, h is Planck's constant, n is the
optical frequency, and Eg is the bandgap energy. Based on the
extrapolation of the linear intercept shown in the inset of
Fig. 6b, the optical bandgap of the prepared CdS lm is 2.49 eV,
consistent with previous reports.67 Photoluminescence (PL)
analysis of 2D CdS lm was performed under excitation at
360 nm. A near-band-edge uorescence emission peak at
538 nm was observed (Fig. S14†), consistent with the band gap
value obtained from the UV-vis absorption spectrum (Fig. 6b).
Fig. 6c shows the current–voltage (I–V) curves under dark
conditions and 400 nm illumination at various light intensities.
The photocurrent under dark conditions was very small and
enhanced dramatically under light illumination. The corre-
sponding time-dependent photoresponse of the CdS photode-
tector when the 400 nm light was switched on and off at a bias
voltage of 20 V is illustrated in Fig. 6d. The photoswitching on/
off ratio (Ilight/Idark) can reach up to 2 × 103 under 37.2 mW
cm−2 illumination. The corresponding responsivity (Rl) and
specic detection rate (D*) are calculated to be 7.97mAW−1 and
Fig. 6 Characterization of the photoelectric properties of 2D CdS films
a corresponding optical image of an individual CdS photodetector. (b) T
responding Tauc plot. (c) I–V curves of the CdS photodetector in the da
time-dependent photoresponse of the CdS photodetector with Vbias = 2
light intensity using a power law relationship. (f) The photoswitching char
mW cm−2) illumination with Vbias = 20 V.

© 2025 The Author(s). Published by the Royal Society of Chemistry
1.19 × 1011 Jones, according to the respective equations Rl =

Iph/PS and D*=(RlS
1/2)/(2eIdark)

1/2, where Iph (Iph = Ilight − Idark)
is the photoexcited current, P is the incident light intensity
illuminating the photodetector, S is the effective area, and e is
the elementary electronic charge. Fig. 6e plots the relationship
of photocurrent versus light intensity, which follows the general
power law Iph f Pq, where q is an empirical value reecting the
recombination of photoexcited carriers. The tted value of q is
0.91, close to the ideal value of 1, suggesting a low recombina-
tion ratio of photogenerated carriers in our thin 2D CdS lm.68

As shown in Fig. 6f, the 2D CdS photodetector also exhibits
excellent stability, with high reproducibility when switching
between high and low current states under periodically
switched incident light (400 nm, 37.19 mW cm−2).
2.3 Generality of the “gas–liquid” synthesis strategy

More importantly, our “gas–liquid” strategy is theoretically
universal, meaning it can be extended to the synthesis of other
2D materials by designing appropriate reaction systems.
Through this strategy, several 2D semiconductors, including
non-layered ZnS, TiO2, SnO2 and layered MoS2 (Fig. S15†), have
been successfully synthesized (Fig. 7). As shown in Fig. 7a–d, all
of the semiconductor lms possess 2D morphology with
a lateral size up to the centimeter-scale. The obtained lms also
can be picked up directly from the liquid phase and transferred
to different substrates (Fig. S16†), facilitating subsequent device
fabrication and integration.69 These lms had a homogeneous
appearance during optical imaging (Fig. 7e–h), indicating the
uniform thicknesses of the synthesized lms. The formation of
wrinkles and cracks is attributed to the liquid phase transfer
process, which might be avoided by optimizing the transfer
. (a) A schematic diagram of the CdS photodetector. The inset shows
he UV-vis absorption spectrum of CdS film. The inset shows the cor-
rk and in the presence of 400 nm light at different intensities. (d) The
0 V. (e) The corresponding fitting curve of photocurrent versus incident
acteristics of the CdS photodetector in response to 400 nm light (37.19
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Fig. 7 Morphological and structural characterization of the ZnS, TiO2, SnO2 and MoS2 films synthesized via the gas–liquid reaction strategy.
Photographs of the obtained (a) ZnS, (b) TiO2, (c) SnO2 and (d) MoS2 films transferred onto SiO2 substrates. Optical images of the (e) ZnS, (f) TiO2,
(g) SnO2 and (h) MoS2 films transferred onto SiO2 substrates. Low-magnification TEM images of the (i) ZnS, (j) TiO2, (k) SnO2 and (l) MoS2 films.
AFM images of the (m) ZnS, (n) TiO2, (o) SnO2 and (p) MoS2 films.
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View Article Online
method.70,71 All the lms are highly transparent and barely
visible in low-magnication TEM images (Fig. 7i–l and S17a–
h†), conrming their 2D ultrathin nature. The HRTEM results
indicate that the obtained semiconductor lms are predomi-
nantly amorphous with only a few nanometer-sized crystalline
grains present in the ZnS and MoS2 lms (Fig. S17i–l†). The
distribution of the involved elements across the lms is
uniform, as evidenced by EDS mapping images (Fig. S18†). The
heights of the lms vary based on the chemical composition:
around 20 nm for ZnS and 8–10 mm for TiO2, SnO2 and MoS2
(Fig. 7m–p). The successful synthesis of 2D ZnS, TiO2, SnO2 and
MoS2 lms demonstrates the scalability of the “gas–liquid”
heterogeneous reaction, laying the foundation for extending
this strategy to the synthesis of other wafer-scale 2D materials.
3 Conclusions

We have proposed a facile “gas–liquid” heterogeneous reaction
route to synthesize non-layered 2D CdS lm. The gas–liquid
interface severely suppresses the diffusion of the involved
reactants and drives the 2D anisotropic growth of CdS.
Centimeter-scale freestanding 2D polycrystalline CdS lm was
successfully obtained at the interphase boundary. The thick-
ness of the 2D lm was modulated in the range from 10 to
50 nm by adjusting the viscosity of the liquid precursors. A
12554 | Chem. Sci., 2025, 16, 12548–12557
photodetector designed on the 2D non-layered CdS lm
demonstrates a high photoswitching (Ilight/Idark) ratio (up to 2 ×

103), high specic detectivity (∼1011 Jones) and excellent
stability. In addition, our “gas–liquid” strategy is theoretically
universal. Centimeter-scale ultrathin 2D non-layered (e.g., ZnS,
TiO2 and SnO2) and layered (e.g., MoS2) semiconductor lms
can also be obtained by selecting appropriate “gas–liquid”
reaction systems. We anticipate our “gas–liquid” heterogeneous
reaction strategy will open a new avenue to synthesize wafer-
scale 2D materials, especially non-layered ones.
Data availability

The data supporting this article have been included as part of
the ESI.†
Author contributions

Q. X. and C. W. conceived and designed the project. Q. C.
carried out performance characterization experiments. J. L. and
J. Y. carried out all synthesis experiments. J. L., J. Y. and C. W.
provided theoretical support for the interpretation of the
experimental data. All authors contributed to discussion of the
project. J. L., J. Y. and C. W. wrote the manuscript with input
from all coauthors.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01700a


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

1/
1/

20
25

 1
1:

40
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Conflicts of interest

There are no conicts to declare.
Acknowledgements

We are grateful to the National Natural Science Foundation of
China (No. 22175154, 21805246, 21773216, and 51173170),
China Postdoctoral Science Foundation (No. 2022M712867), the
Joint Project from the Henan Provincial, and the China National
Natural Science Foundations (Project No. U2004208).
References

1 C.-T. Toh, H. Zhang, J. Lin, A. S. Mayorov, Y.-P. Wang,
C. M. Orofeo, D. B. Ferry, H. Andersen, N. Kakenov,
Z. Guo, I. H. Abidi, H. Sims, K. Suenaga, S. T. Pantelides
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