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Abstract Two-dimensional (2D) metal oxides (2DMOs),
such as MoO,, have made impressive strides in recent
years, and their applicability in a number of fields such as
electronic devices, optoelectronic devices and lasers has
been demonstrated. However, 2DMOs present challenges
in their synthesis using conventional methods due to their
non-van der Waals nature. We report that KCI acts as a flux
to prepare large-area 2DMOs with sub-millimeter scale.
We systematically investigate the effects of temperature,
homogeneous time and cooling rate on the products in the

Li-Ying Deng, Qing Zhang have equally contributed to this work.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s12598-
024-02898-0.

L.-Y. Deng, H.-P. Chen, Q. Yan, T.-L. Guo, J. Sun*

National and Local United Engineering Laboratory of Flat Panel
Display Technology, College of Physics and Information
Engineering, Fuzhou University, Fuzhou 350100, China
e-mail: jie.sun@fzu.edu.cn

L.-Y. Deng

Fujian Key Laboratory of Agricultural Information Sensing
Technology, College of Mechanical and Electrical Engineering,
Fujian Agriculture and Forestry University, Fuzhou 350002,
China

Q. Zhang, W.-P. Hu

Key Laboratory of Organic Integrated Circuit, Department of
Chemistry, School of Science, Ministry of Education and Tianjin
Key Laboratory of Molecular Optoelectronic Sciences, Tianjin
University, Tianjin 300072, China

Q. Zhang, W.-P. Hu
Collaborative Innovation Center of Chemical Science and
Engineering (Tianjin), Tianjin 300072, China

aQ

flux method, demonstrating that in this reaction a saturated
homogenous solution is obtained upon the melting of the
salt and precursor. Afterward, the cooling rate was adjusted
to regulate the thickness of the target crystals, leading to
the precipitation of 2D non-layered material from the
supersaturated solution; by applying this method, the
highly crystalline non-layered 2D MoO, flakes with so far
the largest lateral size of up to sub-millimeter scale
(~ 464 nm) were yielded. Electrical studies have revealed
that the 2D MoO, features metallic properties, with an
excellent sheet resistance as low as 99 Q-square™ ' at room
temperature, and exhibits a property of charge density
wave in the measurement of resistivity as a function of
temperature.
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1 Introduction

Two-dimensional (2D) materials of atomic scale exhibit
tremendous potential for future semiconductor device
applications due to their captivating physical attributes and
outstanding optoelectronic capabilities. Based on their
microstructure, 2D materials can roughly be divided into
two categories: 2D layered and 2D non-layered materials
[1-3]. 2D non-layered materials are formed by chemical
bonds in three-dimensional (3D) directions, leading to
unsaturated dangling bonds on the surface and inducing
highly active and energetic surfaces, making them have
broad prospects as components of efficient and practical
devices [4, 5]. The major categories of 2D non-layered
materials include metal dichalcogenides, metals, metal
oxides, III-V semiconductors, organic—inorganic per-
ovskites and others [6]. 2D metal oxides (2DMOs) have
attracted significant interest in the realms of electronics,
electret technology, optoelectronics, lasers, and related
fields, primarily due to their unique electrical architectures
and diverse surface chemistry [7-13]. MoO,, exemplifying
the characteristics of 2DMOs, has showcased its utility in
magnetism, piezoelectricity, and sensor technologies. For
example, Zhang et al. [14] reported that the 2D MoO,
flakes exhibited a large linear magnetoresistance of up to
455% at 3K and — 9T and a nonlinear hall effect.
Moreover, 2D MoO, reveals an unexpected piezoelectric-
like response. As reported by Ajayan et al., the 2D MoO,
exhibited an out-of-plane piezoresponse of 0.56 pm-V ™!,
which is comparable to that of standard 2D piezoelectric
materials [15]. In addition to its superior properties
resulting from its intrinsic structures, 2D MoQO, is also
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promising to be integrated into heterojunctions to perform
some advanced functions. For example, Zou et al. revealed
that 2D MoO, which is vertically stacked with MoSe, as
2D heterostructures exhibited a photoresponsivity of
100.86 mA-W ™' and a detectivity of 23.4 x 10° Jones
[16]. However, owing to the inherent non-van der Waals
structure of 2D MoOQ,, there has been a lack of effective
strategies for the precise cultivation of extensive single
crystals, posing challenges to conventional top-down syn-
thesis methods [12]. The lateral size of 2D MoO, synthe-
sized via bottom-up methodologies like chemical vapor
deposition (CVD) is typically constrained to 10 pm,
thereby hindering its subsequent exploration and practical
utilization [9, 16-22]. It is essential to develop a versatile
growth method for large-area 2D MoO, single crystals.

The flux method is considered to be a promising and
economical method for the formation of single crystals
[23]. The flux method has the benefit of producing crystals
with excellent crystallinity and form at a reduced crystal-
lization temperature. Compared with crystals grown from
their melt, these crystals typically have fewer defects and
are under less strain [24, 25]. In flux growth, the flux is
generally a molten salt or oxide that serves as a solvent to
dissolve the components of the desired substance [26].
During the reaction, the flux and the precursor are heated to
the molten state and the temperature is maintained above
the saturation temperature of the solution, after which the
target single crystal will precipitate from the supersatura-
tion solution during the cooling down process [27]. The
flux method was recorded against various single crystals,
from rare earth aluminum borate crystals [28] and insula-
tors [29], to oxide materials [30], etc., but the resultant
growth products are typically bulk single crystals, typically
millimeters in size on all three dimensions.

While historically, the flux method has been confined to
fabricating bulk single crystals utilizing specialized
equipment, and there is a lack of explicit reports on its
utilization in CVD for synthesizing 2D materials, we do
believe it is a feasible approach. The current growth
mechanism for 2D materials can be summed up in one of
two ways [31-34]: either through a surface-catalyzed
process, in which the substrate is essentially not involved in
the reaction; or through a precipitation process, in which
the target product’s constituents are dissolved in the sub-
strate and precipitate out upon cooling. The main distinc-
tions between the two are: (a) The solubility of the target
component in the substrate or precursor at the reaction
temperature. If the solubility is high, the growth is pre-
dominantly precipitation-based. (b) The effect of cooling
rate on the thickness of the target product. The cooling rate
has a significant impact on thickness in the precipitation
process but has little effect on the catalysis process.
According to the dissolution-based reaction mechanism of
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the flux method and its product size can be controlled by
the cooling rates [35], we believe that flux growth belongs
to the precipitation method.

Considering the ability to lower the melting point of the
reactants and the use of salt in the precursor, similarities
can be found between the flux method and the “molten-
salt-assisted method” (MSAM) frequently reported in the
literature for the preparation of large-area 2D materials.
Here, we endeavor to illustrate that the MSAM funda-
mentally aligns with the flux approach rather than repre-
senting a catalytic methodology, as the salt typically
dissolves the precursor and engages in a reactive process
with it. In fact, there are some MSAM reports demon-
strating that their target low-dimensional single crystals are
precipitated from supersaturated droplets [36-38], in
agreement with the flux method we claim. Although the
MSAM has been widely employed for the synthesis of
various 2D materials, particularly transition-metal chalco-
genides [39], there is a notable scarcity of reports per-
taining to non-layered 2D materials. This may be ascribed,
at least in part, to the lack of understanding of the detailed
mechanism, such as how the MSAM regulates the thick-
ness of 2D materials. Indeed, the capability of the flux
method to modulate thickness through manipulation of the
temperature span and cooling rate underscores its promise
in synthesizing non-layered 2D materials such as 2DMOs.

Here, we apply the flux growth strategy in CVD to
realize the large-scale preparation of 2D non-layered
MoO,, elucidating that the essence of reducing the thick-
ness and enlarging the area of the products lies in a
supersaturated homogeneous solution and an appropriate
cooling rate. In our flux method, the 2D non-layered MoO,
single crystals precipitated out of the supersaturated solu-
tion formed by the precursors and the salt. Through
meticulous control of the reaction temperature, homoge-
neous time and cooling rate, we successfully achieved the
largest known non-layered 2DMOs crystals to date
[7, 9, 16-21, 40], with thickness effectively regulated by
the temperature range and cooling rate. Electrical studies
revealed that the obtained 2D MoO, crystals featured a
metallic nature, with a sheet resistance as low as 99
Q-square”' at room temperature. Moreover, we observed
the occurrence of the charge density wave phenomenon at
low temperatures. We thus clarify that the prevailing
MSAM is in essence a flux method. Armed with this piv-
otal comprehension, the experimental conditions can be
deliberately optimized toward the flux method. This
approach offers an expeditious avenue for the fabrication
of large-scale 2D MoO, and harbors potential for expan-
sion to additional 2DMOs or layered materials, thereby
enhancing their attributes and accelerating their utilization
across various domains.

aQ

2 Experimental
2.1 Synthesis of MoO, flakes

The flux-grown MoO, flakes were grown via CVD, 20 mg
MoO5; (Shanghai Aladdin Bio-Chem Technology Co.,
LTD, 99.9%), and 5 mg KCI powder was positioned in an
alumina crucible placed in the middle of a 1-inch-diameter
quartz tube furnace. The SiO,/Si substrate (cleaned with
acetone, alcohol and deionized water) was set on the same
crucible and kept directly above the mixture powder.
During the first ten min, the quartz tube was cleaned with
300 ml-min~" of highly pure Ar carrier gas. To eliminate
pollutants (moisture or organic) that may have been present
in the system, the furnace was kept at 150 °C for 10 min.
Following this, the temperature is raised to 900 °C in fifty
minutes with 30 ml-min~" of Ar flow. The temperature is
maintained for 30 min and then cooled to room tempera-
ture. The flux-free MoO, flakes were grown via CVD, too.
The experimental conditions were the same as for the flux
method, except that no flux (KCl) was added.

2.2 Characterization of MoO, flakes

Atomic force microscope (AFM, NT-MDTNEXT), optical
microscope (OM, OLYMPUS BX51M), Raman spectro-
scope (Invia Reflex with an excitation wavelength of
532 nm laser), scanning electron microscope (SEM, Helios
G4 CX), X-ray diffraction (XRD, Rigaku Ultima IV),
thermogravimetric study (TG, STA449C/6/G), X-ray pho-
toelectron  spectroscopy (XPS, Thermo Scientific
K-Alpha), transmission electron microscopy (TEM,
JEM2800 and Talos F200S), and aberration-corrected
scanning transmission electron microscopy (AC-STEM,
Themis Z) were uesd. For TEM sample, the flakes were
transferred to the Cu grid via the polymethyl methacrylate
(PMMA)-assisted transfer method. Spin-coating PMMA
(950 A4) onto MoO, of SiO,/Si (1500 r-min~"', 1 min,
twice) was followed by annealing at 150 °C for 5 min. A
solid piece of polydimethylsiloxane (PDMS) then adhered
to MoO, covered by the PMMA and cured at 80 °C for
1 min. After a day of immersion in deionized water (DI
water) which caused the spontaneous penetration of the
water into the interface between PDMS/PMMA/MoQO, and
Si0,/Si, the PDMS/PMMA/Mo0O, was then carefully
delaminated from SiO,/Si with the assistance of tweezers.
The acquired film was then fished by a Cu grid. Lastly, the
PDMS was separated from the PMMA after heating at
150 °C for 5 min, and then the PMMA was removed after
being immersed in acetone for 20 min. Before further
processing, the transferred MoO, was washed two times
with DI water and ethanol and, finally, dried in N, gas.

Rare Met. (2025) 44(1):404-416
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Schematic illustrations of the crystal structures were drawn
using the program VESTA [41].

2.3 Device fabrication and measurements

The 150 nm-thick gold electrodes were transferred onto the
MoO, flakes by probes to construct the two-terminal
devices. Using a probe station accompanied by a semi-
conductor property analyzer, the electrical performance of
the MoQO, devices was measured in ambient conditions
with a standard setting (Model: 4200, Keithley, USA). For
the temperature-dependent measurement of resistivity, the
MoO, devices were firstly bonded in open air followed by
assembling on a cryostat with a 1-Pa low-pressure cham-
ber. The temperature of the cryostat can be adjusted
between 77 and 267 K.

3 Results and discussion
3.1 Characterizations of MoO,

MoO, prepared with and without the flux method is
denoted as flux-grown and flux-free MoO,. The diagram of
two CVD installations is shown in Fig. Sla, b. Figure 1
illustrates the differences between the two kinds of MoO,.
In sharp contrast to the dense nanometer-level cubes of the

Flux-grown MoO,:
Y TR AT

T e i ey
y %

Flux-free MoO,:

flux-free MoO, (OM image of Figs. 1b, Slc, d), the lateral
length of the flux-grown MoQj; is tens or even hundreds of
microns (Fig. 1a). As shown in OM image in Fig. Ic, the
lateral size of the flux-grown sample is as large as 464 pm,
which to our knowledge is largest in size of non-layered
2DMO single crystals ever prepared by CVD, and much
larger than the numerous studied WO, and K-MnO,, and so
on (Table S1) [7]. The typical lateral size of flux-free
MoOQO; is only 257 nm as shown in SEM image in Fig. 1d.
It demonstrates that the flux method has the powerful
ability to obtain large-area materials in comparison to the
conventional CVD method. In addition, it also shows the
ability to decrease the dimension of the products from 3 to
2D. As shown in Fig. le, f, AFM images show single-
crystal flakes with thicknesses of 21.4 nm for flux-grown
MoO, and 192.5 nm for flux-free MoO, (Fig. S2). To
illustrate the differences between our flux-free MoO,
samples and the flux-grown samples more intuitively, we
tallied the lateral size and thickness of the products as
shown in Fig. S3. The size of the flux-grown MoO; is in the
range of 20-460 pm with an average lateral size of around
95.7 um (Fig. S3a), and the thickness distribution reveals
the average thickness of flux-grown MoQO, is 15.8 nm with
a range of 5-30 nm (Fig.S3b), and the thinnest 2D MoO,
we obtained is 6.5 nm, as shown in Fig. S3c. However, for
the flux-free MoO,, the average lateral size is only about
0.32 pm in the range of 0-1.2 pm (Fig. S3d), while for the

«Q

% MoO,
¥ MOBs
¢ Si
Fluz(—grown MoO,
| *
Flux-free MoO,
3
P
PDF # 78-1069

Intensity (a.u.)

20 30 40 50 60 80
26 (°)

Flux-growth MoO,
Flux-free MoO,

A I A N

A S\

200 400 600 800
Raman shift cm™)

Intensity (a.u.) =

Fig. 1 Characterizations of MoO; flakes with and without flux method: typical OM images of a flux-grown MoO,, flakes and b flux-free
MoO., flakes; typical SEM images of ¢ flux-grown MoO, flake and d flux-free MoO, flake; AFM images of e single flux-grown MoO,
flake and f flux-free MoO, flake; g XRD patterns and h Raman spectra of flux-grown and flux-free MoO,, flakes
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flux-free MoO, an average thickness of ~ 110.5 nm is in
the range of 0-300 nm (Fig. S3). XRD result in Fig. 1g
demonstrates that the flux-grown MoO, and the flux-free
MoO, flakes have identical crystal structures, which match
well with the MoO, monoclinic symmetry crystal structure.
Thus, the flux method is promising to produce high-quality
2D non-layered single crystals. In Raman spectra (Fig. 1h),
we observed the same MoO, peaks at 125, 206, 229, 345,
364, 460, 497, 569, 587 and 744 cm ™! in both two samples
[42]. The bands at 587 and 744 cm™ ' are characteristics of
MoO, and can be attributed to the Mo—O bond stretching

J®201]

vibrations [43]. From the comparison, it is found that the
use of the flux method facilitates the successful fabrication
of thinner and larger MoO, flakes which is more suit-
able for device applications.

Following the initial assessment of the quality of the
samples, we proceeded with the characterization of its
atomic structure to gain a comprehensive understanding of
its internal arrangement, aiming to provide insights into the
underlying growth mechanisms. The crystalline and sur-
face structure of the flux-grown MoO, flakes was studied
using AC-STEM. Figure 2a shows a typical rhombic MoO,

(102)
10 1/nm

- (020)
i | il

d _ o)

(102)

10 1/nm

10 1/nm

Fig. 2 STEM images of transferred flux-grown MoO, flakes: a SEM image of transferred MoO, domain on a Cu grid; b—e
corresponding SAED patterns extracted from different regions as outlined by yellow dots B, C, D and E in a; f, g AC-iDPC and HAADF
images of MoO, flake viewed along [201] zone axis and (inset) low-magnification HAADF image; h low-magnified HAADF image on
edge of flux-grown MoO, flake and i, j corresponding EDS maps of Mo and O
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domain with an edge length of 114 pum. Selected area
electron diffraction (SAED) patterns (Fig. 2b—e) extracted
from its different areas (yellow dots in Fig. 2a) exhibit
well-resolved 2D lattices, where the spacings of 0.28 and
0.24 nm correspond to the (102) and (020) planes of MoO,
respectively. The integrated differential phase contrast
(iDPC) technique, which offers the advantages of simul-
taneous imaging of heavy and light atoms [44], was
employed to image Mo and O columns. As seen in Fig. 2f,
g, the iDPC combined with the high-angle annular dark-
field STEM (HAADF-STEM) clearly resolves the periodic
arrangement of Mo and O columns, without any discernible
vacancy (Fig. S4). Finally, EDS maps confirm that Mo and
O elements are homogeneously distributed within the
MoO, flake, as shown in Fig. 2h—j.

The dominantly exposed surface of these highly crys-
talline flakes, also defined as their basal habit planes, is
assigned to the (100) plane, after considering the crystal-
lography of MoO, (see the shaded planes from two
orthogonal directions in Fig. 3a, b). The surface energies of
15 possible reconstructed (001), (010) and (100) surfaces
of MoO, crystal as a function of oxygen chemical potential
are tested by density functional theory (DFT) calculations

1?2 pressure at 1100 K (bar)
B -8 - 1
10T 10° 10° 102 10" 10 o,
— [—001-2
—001-3
001-4
001-5
001-6
—— 010-1
= - 010-2
010-3
0104

o 0
IS

o©
(V)

Surface energy (eV-A?)
o
o
1

02 (100)-1 b ___sice
L ——o0106
‘ a 100-1
04 EOxygen»pOOr Oxygen-rich ———100-2
L § ) L AT ——1003

-80 -75 -70 65 6.0 -55 -5.0 4.5

Ho (eV)

in Fig. 3c. It is evident that the MoO, (100)-1 surface
terminated by excess O atoms (Fig. 3c) is the most
stable one over a large oxygen chemical potential range,
from O-poor limit to O-rich environment (see Calculation
Methods in Supplementary Information). This agrees well
with the fact that MoO, platelets prefer to expose (100)
basal facets; therefore, we depicted the schematic illustra-
tion of MoO, crystal growth in Fig. 3d, vividly depicting
the dynamic formation process of MoO, crystal with (100)
facets as preferential surface.

3.2 Mechanism of flux-grown 2D MoO,

What makes the flux method successfully obtain the 2D
MoO,? Here, we propose the reaction mechanism. First,
the reaction temperature needs to be high enough to com-
pletely dissolve all the constituent parts and form a satu-
rated solution, as only then can the crystals precipitate out
from the solution as the supersaturation point is reached
when the temperature is lowered [24]. Second, it is
essential to keep the reaction temperature a sufficient time
until a homogeneous solution is obtained [26]. The
appropriate cooling rate is the third consideration. The flux

b

Fig. 3 Atomic structure of flux-grown MoO, flakes: a crystal structure of MoO, projected along [201] direction, with the electron beam
oriented perpendicular to surfaces of platelet, as illustrated by the shaded plane; b shade plane rotated 90° around beam direction and
(100) plane projected as a line in right panel; ¢ surface energies of 15 possible reconstructed (001), (010) and (100) surfaces of MoO,
crystal as a function of oxygen chemical potential and (inset) illustration of MoO, (100)-1 surface; d schematic illustration of MoO,
crystal growth
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Fig. 4 Influence of key parameters on preparation of 2D MoO, by flux method: a time-temperature curves of experiments
investigating effect of reaction temperature on products; typical OM images of samples maintained at b 700, ¢ 900 and d 1000 °C for

30 min before cooling to room temperature at 5 °C-min~";

; e time—temperature curves of experiments investigating effect of

homogeneous time on products; typical OM images of samples held at 900 °C for f 5, g 15 and h 30 min and then cooled to room

temperature at 5 °C-min~";

; i time—temperature curves of experiments investigating effect of cooling rate on products; typical OM

images of samples after holding at 900 °C for 30 min and then cooling to room temperature at j 15, k 5 and | 2 °C-min~"

method is generally applicable to bulk single crystals.
However, the thickness of the target crystal and the cooling
rate are highly related, and the key to growing 2D crystals
is to control their cooling rate [45]. The pivotal factors
influencing the reaction encompass temperature, homoge-
neous time and cooling rate. We selected the readily
available KCl to dissolve the MoO;
[16, 17, 20, 46, 47].

We first conducted experiments to illustrate the effect
of temperature. Thermogravimetric analysis suggests that
KCl and MoOj; start to react at 510 °C (Fig. S5). The
temperature range in our experiment was thus set from 700
to 1000 °C. Results were recorded at each temperature
(maintained for 30 min before cooling to room temperature
at 5 °C-min~"). The corresponding time—temperature curve
is shown in Fig. 4a. The typical OM image for the exper-
iment is depicted in Fig. 4b—d, which contains distributed
circular particles when cooled from a starting temperature
of 700 °C (Fig. 4b), indicating a condensation process. The
particles are composed of potassium molybdenum oxide
bronzes (MOBs), i.e., K;M030,9, K;M0,07, K,;MoO, and
MoOj; based on SEM, Raman and energy dispersive X-ray
spectrometry (EDS) analyses in Fig. S6a—c [48-51].
Although no clear MoO, grains can be found and

precursor,

f

&«

confirmed, and neither does MoO, exhibit a 2D morphol-
ogy, several Raman peaks of MoO, are present at 126, 229
and 367 cm™' [52]. We speculate that the Raman signal of
MoO, comes from its spontaneous nucleation during the
cooling process [26, 53]. A control experiment without salt
reveals that there are only a few MoOj; sheets on the
substrate (Fig. S6d-f). Next, it was discovered that 2D
MoO, flakes were obtained at 900 °C as shown in Figs. 4c,
S7. Moreover, different from the typical growth substrate
of 2D materials, many bubbles are exhibited on the surface
beneath every MoO, flake (Fig. S8). These are attributed to
the reaction of KCl and MoOj to produce a mixed solution
containing MOBs. Most MOBs melted at 900 °C,
(K5Mo0,07 melted at ~ 560 °C, K,MoO,4 at ~ 900 °C and
MoOj; at ~ 795 °C) [36, 48]. For the 1000 °C-sample, only
a few MoO, flakes with a size of just a few microns could
be found on the surface, as displayed in Fig. 4d. Conse-
quently, we can conclude that 900 °C is the most suit-
able temperature for preparing the large-area 2D MoO,
flakes in our flux growth method.

After determining the holding temperature of 2D
MoO,, further investigation of the homogenization process
of 2D MoO, prepared by flux growth is essential to
understand the whole growth process. Because flux growth

Rare Met. (2025) 44(1):404-416
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is achieved by dissolving the precursor with flux to form a
saturated solution, after which the target crystals precipi-
tate out of the supersaturated solution during the cooling
process, the saturated solution is prepared by holding the
composition and flux of the desired crystals at a tempera-
ture slightly above the saturation temperature for long
enough to form a complete solution, a process known as
homogenization [45].

We designed a series of experiments that only altered
the holding times at 900 °C to explore the effect of the
homogenization process on the resulting products. The
corresponding time—temperature curve is shown in Fig. 4e.
We present OM images of the products prepared under
different conditions, where the reaction times were kept at
900 °C for 5, 15, 30 and 60 min, respectively, followed by
cooling to room temperature at 5 °C-min~'. After holding
at 900 °C for 5 min, the corresponding Raman analysis
was conducted as shown in Fig. S9a. The result shows that
the particles are made up of K;Mo30;5, K;Mo0,07,
K>Mo0,, MoO3; and MoO,, too. As can be surmised, with
a holding time of only 5 min, the saturated solution of
MoO, may not have formed yet and the characteristic peak
position of MoQO, still did not appear, so no single crystals
were precipitated (Fig. 4f). After holding for 15 min and
dropping to room temperature, as shown in Fig. 4g, some
of the MoO, had separated from the round particles, indi-
cating that the homogenization process had started, and
MoO, partially precipitated from the supersaturated solu-
tion. Then, after homogenization at this temperature for
30 min, MoO, single crystals were formed in Fig. 4h,
demonstrating that holding at 900 °C for 30 min permits
the homogenization process to be finished and complete 2D
MoO, single crystals to precipitate. Ultimately, as the
homogenization time extends to 60 min, conspicuous cir-
cular formations emerge on the substrate, accompanied by
a central darkening (Fig. S9b). Notably, the substrate
manifests a discernible degree of impairment, devoid of
discernible 2D crystals. This occurrence may be attributed
to the protracted presence of a corrosive solution contain-
ing MOBs [54], stemming from an overly prolonged
homogenization interval, causing substrate degradation.
This deduction underscores the optimal homogenization
period of 30 min under our experimental regimen.

It is crucial to continue looking at the cooling rate after
obtaining the saturated homogenous solution of 2D MoOs,.
The cooling rate affects the thickness of crystals from flux
growth [45]. Therefore, the key to expanding the flux
method, which was previously limited to preparing bulk
single crystals, to 2D non-layered materials is to control its
cooling rate. To illustrate the effect of cooling rate on
samples, we designed a series of experiments, varying only
the cooling rate of the 900 °C-grown samples. The corre-
sponding time—temperature curve is shown in Fig. 4i.
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OM images of thus-prepared products precipitated by
different cooling rates of 15, 5 and 2 °C-min~" are illus-
trated in Fig. 4j—1. As shown in Fig. 4j, if the cooling rate is
as rapid as 15 °C-min~', MoO, is obtained with a large
number of MOBs atop. However, the quality of the MoO,
crystals will be compromised by the rapid cooling rate
[24]. When the rate is 5 °C-min~!, well-shaped 2D MoO,
crystals are produced, with only a few MOBs present
(Fig. 4k). The slow cooling rate of 2 °C-min~"' yields 3D
MoO,, as shown in Fig. 41. Therefore, in the flux method,
non-layered 2D MoO, with good crystal quality can only
be obtained at a suitable cooling rate of around
5 °C-min~".

This precipitation process has been demonstrated by the
presence of particulate residues on the surface of the 2D
MoO, flakes, which were examined by SEM, Raman and
EDS. As can be seen in Fig. 5a, several hexagonal-shaped
particles are neatly aligned, and EDS and Raman results
assist in confirming the presence of K,M0,07, K;Mo030q
and K>MoQO, on the surface of the MoQO, as illustrated in
Fig. 5b, c. Moreover, SEM and EDS were randomly con-
ducted around MoO, flakes as shown in Fig. S9c—f, it can
be distinctly observed that there are particles underneath
each MoQO, flake which are confirmed by EDS result to be
most likely potassium MOBs. It’s worth noting that these
residues are all soluble in water and can be removed by
using deionized water, as shown in Fig. S10. Based on
these findings, it can be assumed that after the homoge-
nization process is complete, the majority of the MOB and
MoO; are converted to MoO,, allowing the MoO, to pre-
cipitate out during the cooling process, with a small
amount of residual MOB being present around the MoO,
single crystal. Next, the products were collected and ana-
lyzed by XPS. Three groups of the fitted curve of Mo 3d
(3ds,, and 3dj,) are shown in Fig. 5d. The curves at 229.2
and 232.2, 230.9 and 234.2 eV are assigned to the oxida-
tion state of Mo4+, which is expected from the stoi-
chiometry of MoO, and MoO,Cl,, while the third group is
232.9 and 235.9 eV, corresponding to Mo®", which toge-
ther with the signal from K 2p can be explained by the
presence of MOBs (Fig. 5e). The signals from Cl-Mo
bonds in CI 2p confirm the existence of the MoO,Cl,
(Fig. 5f) [39, 55, 56]. Thus, the existence of MOBs and
MoO,Cl, in the preparation process can be confirmed from
the experimental results.

Based on the results, a growth model for the flux-
grown MoQO, can be proposed as shown in Fig. 5g. MoO;3
and KCI start to form MOBs at 510 °C. A saturated
homogeneous solution (mixed by the MOBs and MoQO5) is
formed after holding at 900 °C for thirty minutes, after
which the highly crystalline 2D MoO, precipitates from
the supersaturated solution at the cooling rate
at ~ 5 °C-min~!. Without the addition of flux, MoOs
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powder yields MoOs flakes at ~ 700 °C, followed by 3D
MoO, formation at ~ 900 °C.

The possible reaction routes we propose are as follows
[39, 57-59]:

2KCl + 2Mo0O3; — K;MoO, + MoO,Cl, T (1)
2KCl + 3MoO3; — K;Mo0,07 + MoO,Cl; T (2)
K;Mo00, + 2M003; — K;Mo0301g (3)

Finally, the 2D MoO, is precipitated from a
supersaturated  solution, which contains K,;Mo0,0-,

K2M03010 and K2M004 and MOO3.

3.3 Electrical properties of 2D MoO,

To evaluate the electrical performance of the materials, we
calculated the density of states (DOS) of the bulk and 2D

Q

/a
K

NN

MoO, films with O-terminated (100) surfaces. It is found
that the MoO, crystal is metallic and the DOS has a low
valley at the Fermi level (Fig. 6a, d), which is similar to the
previous calculations [56, 60]. The DOS of two layers and
four layers O-terminated MoO, (100) surfaces is very close
to that of MoO, crystal, both being metallic with DOSs
near the Fermi level (Fig. 6b, c, e, f). Figure 6e, f exhibits
relatively large peaks in DOS at Ef, suggesting electronic
instability, which may be beneficial for electron transport.
The experimental results show that there is no shift in the
in-plane current (/)-voltage (V) dependence when the gate
voltage is modulated from — 40 to 40 V as shown in
Figure S11. Figure 6g depicts the I-V dependence of the
MoO, device. The insets are the schematic illustration and
OM image of a typical device made in this work. We
measured the sheet resistance of several devices and plot-
ted them as histograms as shown in Fig. 6h, where the
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value could be as low as 99 Q-square™', indicating the
good conductivity of 2D MoO,, which may be ascribed to
the high crystallinity that turns into less scattering. To
further determine the temperature-dependent electrical
properties, the resistivity was measured as a function of
temperature. In Fig. 6i, kinks are observed at ~ 177, 217
and 267 K. The exact origin of the kinks is still under
investigation. However, it is reasonable to attribute them to
the metal-semiconductor transition caused by the so-called
charge density wave (CDW) instabilities. CDW is a peri-
odic modulation of electron density, which is accompanied
by periodic lattice distortions and is mostly observed in
low-dimensional materials [61-65]. In fact, as early as the
1960s, the behavior has been demonstrated experimentally
in a variety of quasi-low-dimensional compounds, such as
MOBs [61]. For example, the blue bronzes (Kg3MoOj3),
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which is one of the MOBs, are metallic at ambient tem-
peratures but exhibit a metal-to-semiconductor transition at
Tp = 180 K [66]. The layered purple bronze Kj;oMogO17;
has a triple-Q CDW phase below 7. = ~ 120 K [67].
Furthermore, it has been reported that doping MoO, with
K™ can induce superconductivity and anomalous metallic
conductivity [68], where two phase transitions have been
observed in the compound, one at ~ 54 K and another
near room temperature. An explanation as to why the CDW
phase transition arises in certain low-dimensional materials
has been provided by Pouget et al. [69]. Typically, in an
energy band of a 2D metal, when the Fermi surfaces in
k-space are two parallel lines, one line can be superposed
to the other line by a translational vector. In this case, the
Fermi surface is said to be nested by the vector. Here, the
occupied and unoccupied band levels (near the Fermi
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surface) related by the nesting vector are roughly degen-
erate. Nevertheless, under a certain perturbation, a small
energy gap at the Fermi level can be introduced by virtue
of CDW caused by the interaction between those band
levels [69]. For a realistic 2D metal with several partially
overlapping energy bands, even if the Fermi surface nest-
ing does not exist at a first glance, “hidden nesting” may
still happen as long as the band structures fulfill certain
requirements, which could anyway lead to CDW related
metal-to-semiconductor transition [69]. Detailed discussion
is out of the scope of this paper. We note that in electrical
measurement, it may be reflected by kinks in resistance—
temperature curves where metal-to-semiconductor phase
transitions occur, such as the phenomenon observed in
Fig. 6i. The three kinks appearing in Fig. 61 may be due to
different CDW phase transitions happening at different
temperatures.

4 Conclusion

In conclusion, we have showcased the efficacy of flux
growth in synthesizing 2D MoO, flakes via CVD. This
method presents notable benefits in achieving reduced
thickness and expanded dimensions when contrasted with
traditional approaches. Additionally, the resulting 2D
MoO, shows high crystallinity and good conductivity and
exhibits the CDW phenomenon in the measurement of
resistivity as a function of temperatures. We demonstrate
that the prevailing MSAM in the 2D community is in fact
the flux method. We have conducted a systematic investi-
gation into the impact of temperature, homogeneous time
and cooling rate on growth products. This aims to extend
the application of the flux method, commonly employed for
synthesizing bulk single crystals, to non-layered 2DMOs
and complete the understanding of the MSAM for the
preparation of non-layered materials. We anticipate that by
further refinement, thinner and larger areas of 2D non-
layered materials prepared by the flux method can be
achieved, with the possibility of extending to layered
materials, assisting in the further exploration of their
properties and applications.
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