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It is a key challenge to prepare two-dimensional diamond (2D-diamond). Herein, we develop a method for synthesiz-
ing 2D-diamond by depositing monodisperse tantalum (Ta) atoms onto graphene substrates using a hot-filament chemical
vapor deposition setup, followed by annealing treatment under different temperatures at ambient pressure. The results in-
dicate that when the annealing temperature increases from 700 °C to 1000 °C, the size of the 2D-diamond found in the
samples gradually increases from close to 20 nm to around 30 nm. Meanwhile, the size and number of amorphous car-
bon spheres and Ta-containing compounds between the graphene layers gradually increase. As the annealing temperature
continues to rise to 1100 °C, a significant aggregation of Ta-containing compounds is observed in the samples, with no dia-
mond structure detected. This further confirms that monodisperse Ta atoms play a key role in graphene phase transition into
2D-diamond. This study provides a novel method for the ambient-pressure phase transition of graphene into 2D-diamond.

Keywords: graphene, two-dimensional diamond, vacuum annealing, phase transition
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1. Introduction

As an important wide bandgap semiconductor material,
diamond is a three-dimensional crystal structure composed of
carbon atoms connected to each other by sp? bonds, which has
superior properties such as high hardness (about 90 GPa), wide
bandgap (5.47 eV), high carrier mobility (4600 cm?/V), high
thermal stability, negative electron affinity, and chemical in-
ertness. It showed a wide range of potential in a variety of ap-
plications, such as semiconductors,!!) quantum computers,?!
high-performance radiation (particle) detectors,!*! and more.
As the size of diamond crystals decreased to nanometer scale,
size effect, quantum effect and surface effect induced by
the dimensional changes produced many unique properties
that were not found in traditional bulk materials.[*>! The
two-dimensional diamond (2D-diamond) is a two-dimensional
(2D) carbon material with sp® hybrid structure, which has
unique physical properties of atomic-scale ultra-thin diamond
nanofilms, and has a variety of excellent properties of bulk di-
amond, such as excellent mechanical, physical and electrical
properties. [®~!!] Therefore, the research and application of 2D-
diamond have become a new development direction in the field
of diamond. However, the difficulty of preparing 2D-diamond
limits its further research and application.

The 2D-diamond is possible to be prepared by control-
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ling surface chemistry, interfacial interactions, and local strain

(121 1t was reported that hydrogenation treatment

distributions.
had been carried out on the surface of monolayer graphene,
resulting in a structure similar to hydrogenated monolayer di-
amond (111), which was named graphane.!!3! This provided a
reference for the study of 2D-diamond nanofilms. Although
the hydrogenation of graphene to synthesize hydrogenated
2D-diamond had been successfully achieved at room temper-

141 it was difficult to control

ature and atmospheric pressure,!
the hydrogenation rate and defect content. Moreover, there
was another challenge to achieve two-sided hydrogenation of
graphene, and the gradual dehydrogenation of hydrogenated
graphene at room temperature led to a significant decrease in
the stability of 2D-diamond. !53] Further research reports in-
dicated that when the surface of bilayer graphene or few-layer
graphene was functionalized with fluorine atoms, a diamond
structure known as fluorinated 2D-diamond (FD) was obtained
at relatively low temperatures.!!>~17-191 Recently, researchers
had successfully synthesized stable fluorinated 2D diamond
(FD) on a CuNi(111) substrate by exposing AB-stacked bi-
layer graphene grown by chemical vapor deposition (CVD) to
XeF.[201 However, this method is costly and the fluorination
treatment probably makes the 2D-diamond unstable in certain
environments, especially at high temperature or strong acid-
base conditions, where the fluorinated layer may decompose
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or react, affecting the properties of the material.

Our group discovered that amorphous carbon or nanogra-
phite located at the grain boundaries of nanodiamond films
grown by HFCVD underwent a transformation into diamond
structure at atmospheric pressure after annealing at temper-
atures < 1000 °C.121 Building on this foundation, we un-
veiled the conversion of vertical graphene to diamond in the
hot filament chemical vapor deposition (HFCVD) process. ']
Theoretical calculations further reveal that single-side hy-
drogenated bilayer graphene containing tantalum (Ta) atoms
undergoes spontaneous transformation into diamond struc-
tures in hydrogen—oxygen atmospheres.!?!=3! Notably, re-
cent computational studies demonstrated that transition met-
als exhibited low adsorption energies and high diffusion bar-
riers on oxygen-terminated diamond substrates, effectively
suppressing atomic aggregation while maintaining monodis-
persed states.!?*! These isolated transition metal atoms signif-
icantly reduced the energy barrier for the graphite-to-diamond
phase transition while releasing substantial energy during the
structural reorganization. Moreover, the introduction of tan-
talum carbide (TaC) exhibited remarkable catalytic efficiency,
reducing the required phase transition pressure to only 22.2%
of that needed in chemical mediator-free systems. Even un-
der ambient pressure, TaC-mediated systems maintained sta-
ble 2D-diamond with minimal residual sp?-hybridized carbon
content.!?!

These provide a theoretical realization for the phase tran-
sition from graphene to 2D-diamond. Furthermore, Zhu et
al.?9) directly deposited tantalum atoms through HFCVD
equipment on the surface of high-purity graphite sheets in a
minor hydrogen atmosphere, and a large number of diamond
particles with sizes ranging from 3 nm to 10 nm were observed
in the amorphous carbon layer of the sample, achieving the di-
amond phase transition of graphite at atmospheric pressure.
Recently, in the HFCVD system, the transition from graphite
to diamond has been achieved at atmospheric pressure by uti-
lizing monodisperse tantalum atoms generated from tantalum
metal wires, yielding diamonds with sizes ranging from 5 nm
to 20 nm.>’! This further validated that sp’> components can
transit to sp> at atmospheric pressure after the introduction of
monodisperse tantalum atoms. Subsequently, Zhu et al. pre-
pared vertical graphene sheets containing tantalum atoms via
HFCVD and annealed them in an oxygen-containing environ-
ment at atmospheric pressure, successfully synthesizing nan-
odiamond particles with sizes of 2 nm—4 nm primarily dis-
tributed within amorphous carbon.?®! The aforementioned re-
sults have guided significance for the transition from sp> car-
bon to sp> carbon under low-cost and atmospheric pressure
conditions, and they provide a new method for the transfor-
mation from graphene to diamond. However, the diamond
grain sizes obtained in this study were relatively small, and

the transition from graphene as a 2D material to diamond in a
2D structure was not achieved.

In this study, a double-helical tantalum wire was uti-
lized to deposit monodisperse tantalum atoms onto graphene
precursors via HFCVD equipment, followed by annealing
treatment in vacuum under different temperatures to facili-
tate the phase transition of graphene into diamond within a
two-dimensional structure. The results demonstrate that after
annealing at temperatures ranging from 700 °C to 1000 °C,
2D-diamond embedded within the graphene sheets emerges,
and as the annealing temperature increases, the size of the
2D-diamond increases from approximately 15 nm to around
30 nm. When the annealing temperature reaches 1100 °C, no
diamonds are found within the samples accompanied by larger
Ta-containing compounds observed, confirming that monodis-
perse Ta atoms play a key role in graphene phase transition
into 2D-diamond. This result provides a new approach for the

synthesis of 2D-diamond in graphene at ambient pressure.

2. Materials and methods

A single batch of 0.5 g of multilayer graphene powder
was placed into a mold with a diameter of 10 mm, and then
compressed to form a pellet, as shown in Fig. 1(a). The upper
limit of pressing force was set at 17.5 tons, while the lower
limit was set at 7.5 tons, with a dwell time of 30 s. The mold
was subjected to a pressure of 2226 MPa. The schematic dia-
gram of the experimental process for depositing dispersed Ta
atoms onto graphene sheets is shown in Fig. 1(b). The pre-
pared graphene sheets were placed into the HFCVD reaction
chamber, where the hydrogen gas flow rate was maintained at
200 sccm, the deposition pressure at 3.0 kPa, and the deposi-
tion power at 400 W for a duration of 15 min. Ta atoms were
deposited onto the surface of the multilayer graphene substrate
using a dual-spiral tantalum wire as the heating element. Upon
completion of the deposition, the heating wire voltage was
gradually reduced to O V at a rate of 2 V/min, finalizing the
sample preparation. The prepared Ta-loaded graphene sam-
ples were annealed at 700 °C—1100 °C for 30 min using muffle
furnace, as shown in Fig. 1(c).

The surface morphology was characterized by scanning
electron microscope (SEM, HITACHI, Japan).

composition of the samples was characterized using a micro-

The phase

confocal laser Raman spectrometer (with an excitation wave-
length of 532 nm, model Renishaw inVia Reflex) from Ren-
ishaw. The microstructure, diffraction pattern, and EDS anal-
ysis of the samples were characterized by transmission elec-
tron microscope (TEM, Thermo Fisher Scientific, USA). The
bonding state of the samples was analyzed with x-ray photo-
electron spectroscopy (XPS, Kratos, Japan).
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3. Results and discussion

As illustrated in Figs. 1(d)-1(i), field emission scanning
electron microscopy (FESEM) was employed to characterize
the morphologies of untreated graphene sheets and samples
Figure 1(d) exhibits the
morphology of an untreated graphene sheet sample, which

annealed at various temperatures.

displays a complete distribution of thin sheets stacked under
pressure, with sheet sizes ranging from 0.5 um to 3 um. Fig-
ure 1(e) displays a sample annealed at 700 °C in a vacuum-
sealed tube, where cracks begin to emerge on the surface of the
graphene sheets, accompanied by localized delamination, al-
though the layered structure remains largely unchanged. This
indicates that annealing at lower temperatures has minimal
impact on the structure of the graphene sheets. Figure 1(f)
presents a sample annealed at 800 °C for 30 min, where the

(a) (b) :

o~

Pressed into sheets

D ¢
g - S

grooves on the surface of the graphene sheet layers become
more pronounced, and the stacked structure of the graphene
sheets becomes distorted and less well-defined. Figure 1(g)
depicts a sample annealed at 900 °C for 30 min, where it is
noteworthy that crystalline agglomerations start to appear on
the surface of the graphene sheet layers, and the cracks deepen
to the point of disconnection from each other. Figures 1(h)
and 1(i) show samples annealed at 1000 °C and 1100 °C for
30 min, respectively. The images reveal that as the anneal-
ing temperature increases, the crack gaps on the surface of
the graphene sheets widen, and the crystalline agglomerations
thicken. These results suggest that as the annealing temper-
ature gradually rises, the surface graphene sheet layers grad-
ually fragment, and granular crystals precipitate out after an-
nealing above 900 °C.

* Hydrogen atoms (C)

e Tantalum atom
-~
—>
[
& o |

Vacuum annealng

Fig. 1. Schematic diagrams of (a) graphene compression, (b) deposition of dispersed Ta atoms onto graphene sheets, and (c) vacuum
annealing. Surface morphology of the samples (d) before vacuum sealed tube annealing, and annealed at (e) 700 °C, (f) 800 °C, (g) 900 °C,

(h) 1000 °C, and (i) 1100 °C.

To investigate the changes in phase composition on the
surface of multilayer graphene sheets after annealing at dif-
ferent temperatures, Raman spectroscopy was performed on
this series of samples under excitation with light at a wave-
length of 532 nm. Figure 2(a) shows the Raman spectra of the
samples annealed at various temperatures. Four characteristic
peaks were detected in all samples at 1350 cm~ !, 1580 cm™L,
1620 cm~!, and 2690 cm~!. The peak at 1350 cm™! corre-
sponds to the D peak, associated with defects in the graphitic
plane, while the peak at 1580 cm™! is the G peak, related to sp?
bonded carbon. The peak at 1620 cm™! represents the D’ peak,
indicative of edge defects in the vertically oriented graphene
layers. The peak at 2690 cm™! is the 2D peak, corresponding

to the overtone of the D peak and indicative of single or few-
layer graphene phonons. The Raman spectra of this group of
samples exhibit typical characteristics of graphene, with no
Raman signal detected at 1332 cm™! that would indicate the
presence of diamond.

Further analysis of the Raman spectra was conducted by
comparing the intensity ratios of the fitted peaks. Figures 2(b)
and 2(c) present the fitting results of the Raman spectra for the
samples. The ratio of Ip/Ig was used to assess the variation
in defects within the samples, while FWHM,p, FWHMg, and
DLp /I indicate changes in the number of graphene layers. The
trend observed in the fitted data presented in Fig. 2(b) reveals
that when Ta atoms are deposited onto the precursor multi-
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layer graphene sheets using a CVD system, the Ip /I ratio in-
creases, indicating that the deposition of Ta atoms introduces
additional defects in the graphene, compromising the integrity
of the graphene layers. After annealing at 700 °C, there is a
decrease in the Ip/Ig ratio, suggesting that the defects of the
graphene were partially repaired. Following annealing treat-
ment at 800 °C, the Ip/Ig ratio decreased significantly, indi-
cating further repair of the defects in the graphene and suggest-
ing a change in the graphene structure, which may result in an
increase in the ratio of sp> to sp? carbon content in the sam-
ples. When the annealing temperature is increased to 900 °C,
the Ip/Ig ratio exhibits a slight increase compared to that at
800 °C. As the temperature further increased, the Ip /I ratio
rose slightly, indicating that excessively high temperatures led
to an increase in defects in the graphene.

It is also observed that after deposition Ta on graphene,
the FWHMg undergoes a significant reduction, which is at-

Unannealed

N

700 °C

(a)

800 °C

e

900 °C

S W | W

l 1000 °C
! 1100 °C

500 1000 1500 2000 2500 3000 3500

Wavenumber (cm™1)

S| R

e

Intensity (arb. units)

tributed to an increase in the degree of graphitization subse-
quent to Ta deposition. Following annealing, the FWHMg
exhibits an initial increase followed by a decrease. At an an-
nealing temperature of 700 °C, the precipitation of Ta between
graphene layers introduces lattice distortion in the graphite,
leading to an increase in FWHMg. As the annealing temper-
ature rises further, the FWHMg gradually decreases, suggest-
ing a reduction in phonon scattering and an improvement in
crystallinity within the graphene samples. This may be due
to the gradual precipitation of the deposited Ta atoms as the
annealing temperature increases. The trends in FWHMp and
DLp /I shown in Fig. 2(c) indicate that after depositing Ta onto
the multilayer graphene sheets via hot-wire CVD and subse-
quent annealing at temperatures below 1000 °C, the number of
graphene layers increased. However, when the annealing tem-

perature exceeded 1000 °C, the number of layers decreased.

(b) T Ip/le o
2 H ——FWHM
- 127
26 ©
=
25 T
=
24 m
23
122
G,of%o\m 700 900 1100
G Annealing temperature (C)
0.7 " Lp/lg :i
0.6 F ——=FWHM,p 1°/
186
0.5F 185
< 0.4f I 184
= {83
£ 03F 182
0.2F 81
01 80
-l 79
(] S 78
G_OY%O\]D 700 900 1100

G,

Annealing temperature (°C)

Fig. 2. (a) Raman spectra of untreated samples and annealed samples at different temperatures, variation of (b) Ip /I ratio and FWHMg and
(¢) bp/Ig ratio and FWHM,p, with annealing temperature for the samples.

The phase structure of the samples was further char-
acterized using high-resolution transmission electron mi-
croscopy (HRTEM). Figures 3(a) and 3(c) present the low-
magnification transmission electron microscope (TEM) im-
ages of the samples after annealing under vacuum in sealed
tubes at 700 °C for 30 min.
contrast “arrowhead-shaped” region in the graphene sheet, ac-

Figure 3(a) reveals a high-

companied by an agglomerated particle region. The selected
area electron diffraction (SAED) pattern (SAED-a) of this re-
gion in Fig. 3(a) indicates the presence of (110) and (101)
planes of graphite; these planes correspond to weaker stripes
with smaller interplanar spacings, distributed across a large

contiguous area. Through energy dispersive spectroscopy-

mapping (EDS-Mapping) analysis of the distribution of C, O,
and Ta elements in a partial area of Fig. 3(a), and comparison
with the high-brightness small particles in high-angle annular
dark field (HAADF) imaging and the distribution maps of C,
O, and Ta elements, it is found that the sample surface is pri-
marily enriched with C elements, i.e., the graphene substrate.
The “arrowhead-shaped” region corresponds to the overlap-
ping area of Ta and O elements, suggesting a high concentra-
tion of both Ta and O elements in this region. In the vicinity of
the “arrow-shaped” region, there also exist a large number of
dispersed Ta atoms. Figure 3(b) shows the high-magnification
analysis near the “arrowhead-shaped” region. The fast Fourier
transform (FFT) pattern (FFT-b) of this region displays two
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pairs of diffraction spots with interplanar spacings of 0.206 nm
and 0.251 nm, corresponding to the yellow particulate regions
in Fig. 3(b). Due to their limited shape and lower contrast
compared to the large-area sheet-like graphene substrate, com-
bined with fourier transform (FT) analysis of the magnified
yellow regions, it is determined that these two areas corre-
spond to the (111) plane of particulate diamond with an inter-
planar spacing of 0.206 nm and a size range of 8 nm—12 nm,
and the (110) plane of particulate diamond with an interplanar
spacing of 0.251 nm and a size range of 10 nm—12 nm, re-
spectively. Based on the observation from figure HAADF-I, it
is noted that diamonds emerge in the regions where tantalum
elements are relatively concentrated on the graphene layers.
Figure 3(c) exhibits a minor stacking phenomenon occur-
ring in the graphene sheet. The SAED-c of this region reveals
the presence of the (002), (101), and (110) planes of graphite,
with the (002) plane corresponding to the larger curved lat-
tice stripes observed in the sample. Figure 3(d) presents a
high-magnification image of the d region in Fig. 3(c). The
FFT-d of this area displays distinct graphite (002) and (100)
planes, corresponding to the green region, along with a pair
of diffraction spots with an interplanar spacing of 0.206 nm,
corresponding to the yellow region. The yellow region ap-

pears as flakes embedded within the graphene layers, exhibit-
ing localized presence rather than the extensive coverage of the
graphene substrate. Upon magnifying the area labeled as 3, it
is confirmed that the interplanar spacing of 0.206 nm matches
the diffraction information of the (111) plane of diamond, sug-
gesting a 2D-diamond thin layer with a size of approximately
10 nm—15 nm. Figure 3(e) displays a high-magnification im-
age of the e region in Fig. 3(c). The FFT pattern (FFT-e) of
this area shows clear graphite (002) and (100) planes, corre-
sponding to the green region, and a pair of diffraction spots
with an interplanar spacing of 0.126 nm, corresponding to the
yellow region. Upon magnifying the yellow area labeled as
4, it is found that the interplanar spacing of 0.126 nm aligns
with the diffraction information of the diamond (220) plane.
This region, unlike the extensive graphene layers, exhibits lo-
calized presence and is identified as a 2D layered structure of
diamond with a size of 10 nm-20 nm, embedded within the
graphene layers. These 2D-diamonds observed via TEM are
located in the regions of the graphene sheets where monodis-
persed Ta atoms are abundant, suggesting that Ta atoms facil-
itate the phase transformation of graphene into 2D-diamond
after 700-°C annealing.

(110)

10inm

Fig. 3. (a) and (c) The low-magnification HRTEM images with inset SAED images of sample annealed at 700 °C for 30 min; HAADF-I is the HAADF
image with EDS spectra of C, O, and Ta for the area indicated by the dashed box in panel (a). (b) high-magnification image of the area within the dashed
box b in panel (a) with an inset FFT image; 1-2 magnified views of the boxed areas 1-2 in panel (b) along with their corresponding FT images; (d) and
(e) high-magnification images of the dashed boxes d and e in panel (c) with their inset FFT images; 3 magnified view of the boxed area 3 in panel (d) along
with its corresponding FT image, and 4 magnified view of the boxed area 4 in panel (e) along with its corresponding FT image.

Figures 4(a) and 4(c) present low-magnification TEM im-
ages of the sample after annealing at 800 °C for 30 min in a
vacuum-sealed tube. In Fig. 4(a), the graphene sheets exhibit
a reticulated morphology, accompanied by aggregated parti-
cles with darker contrast. The SAED pattern (SAED-a) of this
region shows diffraction information predominantly from the

(002) and (100) planes of graphite, as well as a plane with an

interplanar spacing of 0.206 nm. Further analysis of the dis-
tribution of C, O, and Ta elements in this region is conducted
using EDS-Mapping. By comparing the bright small parti-
cles in the HAADF image with the distribution maps of C, O,
and Ta elements, it is found that the reticulated area is primar-
ily composed of graphene, with O and Ta elements relatively

dispersed within it. The darker contrast particle areas corre-
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spond to aggregates of Ta—O. This indicates that the Ta atoms
deposited on the graphene sheets are partially oxidized. Fig-
ure 4(b) shows a high-magnification analysis of the reticulated
area b. The FFT-b in Fig. 4(b) displays diffraction information
from the (002) plane of graphite, corresponding to the green
region in Fig. 4(b), and a plane with an interplanar spacing
of 0.206 nm, corresponding to the yellow region in Fig. 4(b).
Upon magnifying region 1 in Fig. 4(b), it is found that these
two pairs of interplanar spacings are 0.206 nm and 0.207 nm,
respectively, with an angle between the planes of 70.2°, which

G-(100)

SAED-c¢

PN

| /J 1
G-(101) =" 4

~ /

——

200inm

matches the diffraction information of the (111) plane of dia-
mond. The yellow lattice area appears as a 2D lamellar struc-
ture embedded within the interstitial spaces of the reticulated
graphene area, with a size range of 15 nm-20 nm. It is ob-
served that in Fig. 4(b), the 2D-diamond is found in the re-
gions with Ta atoms, suggesting that Ta atoms facilitate the
phase transformation of graphene into diamond, forming 2D-
diamond. Also, in this region, there are O atoms observed,
which prefered to improve the pahse transition according to

our theoretical results.[22-24]

Fig. 4. (a) and (c) The low-magnification HRTEM images of the sample annealed at 800 °C for 30 min with inset SAED images. HAADF-I is
the HAADF image of the area marked by the dashed box in panel (a), accompanied by the EDS spectra of C, O, and Ta elements for that area;
(b) high-magnification image of the dashed box b in panel (a) with an inset FFT image; 1 magnified view of the area marked by the dashed
box 1 in panel (b) along with its corresponding FT image; (d) high-magnification image of the dashed box d in panel (c) with an inset FFT
image; 2—4 magnified views of the boxed areas 2, 3, and 4 in panel (d) along with their corresponding FT images.

Figure 4(c) displays the stacked ribbon structure of
graphene. The SAED-c indicates the presence of diffraction
information from the (110) and (101) planes of graphite in
the region shown in Fig. 4(c). Figure 4(d) presents the high-
magnification analysis result of the region d of the graphene
The FFT-d in Fig. 4(d) shows diffraction informa-
tion predominantly from the (002) plane of graphite, indi-

sheet.

cated by the green region, and lattice spacings of 0.206 nm
and 0.207 nm corresponding to the diffraction from the (111)
plane of diamond, indicated by the yellow region. Upon mag-
nifying regions 2, 3, and 4 in Fig. 4(d), two particulate re-
gions distinct from the graphite stripes are observed, namely,
regions 2 and 3. Further magnifying these particulate regions,
figure FT-2 reveals the existence of two pairs of interplanar
spacings, 0.206 nm and 0.207 nm, respectively. The angle
between these two pairs of crystal planes is 69.5°, leading to
the conclusion that they represent the (111) plane of diamond,
with a size range of 8§ nm—12 nm and embedded in a partic-

ulate form within the graphene sheet layers. For the particu-
late in Fig. 4-3 that is enlarged and measured, its interplanar
spacing is 0.251 nm. Since graphite is distributed in ribbon
or platelet forms, it is postulated to be the (111) plane of di-
amond, with a size of 10 nm—12 nm, embedded between the
graphene sheet layers surrounding the graphite ribbons. When
the ribbon region in Fig. 4-4 is magnified, the measured inter-
planar spacing is 0.337 nm, corresponding to the (002) plane
of graphite. These results indicate that when the annealing
temperature reaches 800 °C, a layer of 2D-diamond with a size
range of 15 nm—20 nm emerges within the graphene sheets.
Figures 5(a) and 5(c) present low-magnification TEM
images of samples after annealing at 900 °C for 30 min in
The SAED-a pattern indicates the
presence of diffraction information from the (100) plane of

a vacuum-sealed tube.

graphite in this region, as well as diffraction information with
interplanar spacings of 0.206 nm and 0.105 nm, which cor-
respond to the (111) plane and the higher-order (222) plane
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of diamond, respectively. Therefore, it is judged that this is
the diffraction information of the (111) and (222) planes of
diamond. Further analysis was conducted by magnifying the
particle area in Fig. 5(a), as shown in Fig. 5(b). The FFT-b
pattern reveals two pairs of diffraction spots with an interpla-
nar spacing of 0.206 nm and an angle of 70.5° between them,
corresponding to the yellow region in the Fig. 5(b), which is
identified as diffraction information from the (111) plane of
diamond. Simultaneously, diffraction fringes with an inter-
planar spacing of 0.258 nm are found in the darker-contrast
particle, corresponding to the red region in Fig. 5(b), which
matches the diffraction information of the (111) plane of TaC,
leading us to conclude that this is the diffraction information
of the (111) plane of TaC. After magnifying the selected ar-
eas of 1, 2, 3, 4 in Fig. 5(b), figure 5(b)-1 displays two pairs
of diffraction spots with spacings of 0.206 nm and an angle
of 70.5° between them, consistent with the diffraction infor-
mation of the (111) plane of diamond. These spots manifest
as 2D flakes embedded within the graphene thin layers, with
a size range of 20 nm-30 nm. Figure 5(b)-2 also shows two
pairs of diffraction spots with the same spacings and angle,
corresponding to the (111) plane of diamond, with a similar
size range. Figure 5(b)-3 displays two pairs of planes with
a spacing of 0.206 nm and an angle of 70.5°, matching the

SAED-c_ G-(112)

100lnm

diffraction information of the (111) plane of diamond, and
a size range of 10 nm—15 nm. Figure 5(b)-4 shows a pair
of planes with a spacing of 0.258 nm and a darker contrast,
which we identify as the (111) plane of TaC, with a particle
size of 10 nm—12 nm. As shown in Figs. 5-1, 5-2, and 5-
3, the diamonds discovered are predominantly concentrated
around tantalum-containing particles located at the graphene
thin layer interfaces. This phenomenon further validates that
within the graphene, after some Ta atoms undergo bonding and
agglomeration, the residual small amount of Ta enhances its
monodispersion, thereby facilitating the phase transformation
of graphene into diamond.

Figure 5(c) displays a significant number of small par-
ticles observed on the graphene sheets, with diameters rang-
ing from 15 nm to 40 nm. The SAED-c pattern indicates the
presence of diffraction information from the (002) and (112)
planes of graphite, as well as a pair of planes with an interpla-
nar spacing of 0.207 nm and an angle of 71° between them,
which corresponds to the diffraction information of the (111)
plane of diamond in this region. HAADF-I with EDS spec-
tra of C, O, and Ta for the area indicated by the dashed box
in Fig. 5(c) suggests that tantalum and oxygen atoms are dis-
tributed on the sample surface, playing a crucial role in the
phase transition.

0.206 nm

10.nm

Fig. 5. (a) and (c) The low-magnification HRTEM images with their inset SAED images of the sample annealed at 900 °C for 30 min. (b) The
high-magnification image of panel (a) with the inset of FFT image, and 1-4 the zoomed-in view of the boxed areas 1-4 in panel (b) with their
corresponding FT images; HAADF-I is the HAADF image with EDS spectra of C, O, and Ta for the area indicated by the dashed box in panel (c); (d)
the high-magnification image of dashed box d in panel (c) with the inset of FFT image; 5(d)-5-5(d)-6 enlarged view for the boxed areas 5 and 6 in

panel (d) with their corresponding FT images.

Further analysis is conducted by magnifying particle d
in Fig. 5(c). The FFT-d pattern reveals standard diffraction
spots of the hexagonal rings of graphite, along with two pairs
of diffraction spots that differ from those of graphite. Fig-
ures 5(d)-5 and 5(d)-6 exhibit magnified views of the interior
of the amorphous particles. Figure 5(d)-5 displays diffraction

information from the (111) plane of diamond, with an interpla-
nar spacing of 0.207 nm, corresponding to the yellow region
in the Fig. 5(d). These diffraction spots are present as 8—10 nm
particles within the amorphous carbon spheres, leading us to
conclude that they represent the (111) plane of diamond. Fig-
ure 5(d)-6 shows diffraction spots with an interplanar spacing
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of 0.249 nm, corresponding to the blue region in Fig. 5(d). The
blue striped area, with a particle size range of 10 nm—13 nm
and low contrast, matches the diffraction information of the

n.12%] These results indicate that after

(111) plane of i-carbo
annealing at 900 °C, 2D-diamond with a size range of 10 nm-—
30 nm and some i-carbon is observed to be embedded within
the layers of the graphene sheets, surrounding Ta-containing
particles.

Figures 6(a) and 6(d) present the low-magnification TEM
images of samples after annealing at 1000 °C for 30 min. The
SAED-a pattern in Fig. 6(a) indicates the presence of diffrac-
tion information originating predominantly from the graphite
(101) plane, along with interplanar spacings of 0.145 nm and
0.072 nm, which we interpret as diffraction from the diamond
(112) plane and its higher-order diffraction plane (224), re-
spectively. Further analysis was conducted by magnifying re-

200inm

gions b and c in Fig. 6(a). FFT-b reveals a pair of distinct
diffraction spots corresponding to the graphite (002) plane,
indicated by the green area in Fig. 6(b), arranged in a com-
mon stripe-like pattern, along with a pair of diffraction spots
with an interplanar spacing of 0.206 nm, corresponding to
the yellow-colored sections. Upon magnifying region 1 in
Fig. 6(b), the measured interplanar spacing of 0.206 nm cor-
responds to the diffraction information of the diamond (111)
plane. These diamond structures, ranging in size from 20 nm—
25 nm, exhibit a 2D platelet-like morphology adjacent to the
graphite (002) stripes and embedded between the graphene
sheets. In contrast, figure 6(c) displays amorphous carbon
spheres with a size range of 50 nm—-60 nm. This is at-
tributed to the diffusion of tantalum atoms at high tempera-
tures, which facilitated the conversion of graphene into amor-
phous carbon. 2!

10:nm

Fig. 6. (a) and (d) Low-magnification HRTEM images of sample annealed at 1000 °C for 30 min with inset SAED images; (b) high-magnification image of
the dashed box b in panel (a) with an inset FFT image; 1 magnified view of the area marked by the dashed box 1 in panel (b) along with its corresponding
FT image; (c) high-magnification image of the dashed box ¢ in panel (a) with an inset FFT image; 2 magnified view of the area marked by the dashed box 2
in panel (c) along with its corresponding FT image. HAADF-I is the HAADF image of the area marked by the dashed box in panel (d) accompanied by the
EDS spectra of C, O, and Ta elements for that area; (e) high-magnification image of the dashed box e in panel (d) with an inset FFT image; 3—4 magnified
views of the boxed areas 3 and 4 in panel (e) along with their corresponding FT images.

Figure 6(d) exhibits a significant amount of network-like
agglomeration morphologies observed on the graphene sheets.
The SAED-d pattern indicates the presence of diffraction in-
formation originating from both the graphite (101) plane and
the Ta,C (100) plane within this region. By analyzing the
EDS-mapping images of this area and further examining the
distribution of C, O, and Ta elements, a comparison between
the bright small particles in the HAADF image and the dis-
tribution maps of C, O, and Ta elements reveals overlapping
distribution areas of Ta and O elements on the sample surface,
with both elements being relatively dispersed. Further anal-
ysis is conducted by magnifying region e in Fig. 6(d). Upon
magnifying regions 3 and 4 in Fig. 6(e), two sets of diffraction
information are observed in Fig. FT-3. The measured inter-

planar spacings of these two sets of planes are 0.271 nm and
0.135 nm, respectively, and the angle between them is 0°, cor-
responding to the (-202) plane and the higher-order (—402)
plane of Ta,Os, respectively. Therefore, we identify this as
TayOs, indicating that an increase in annealing temperature
promotes the oxidation of Ta. Additionally, there is a signifi-
cant amount of diffraction originating from the graphite (101)
plane, suggesting that Ta;Os agglomerates are distributed on
the surface of graphene sheets. The above results suggest that
after annealing at 1000 °C, diamond platelets with sizes rang-
ing from 20 nm-25 nm and amorphous carbon spheres with
sizes ranging from 50 nm—60 nm emerge within the graphene
sheet layers. Simultaneously, the elevated temperature exacer-
bates the oxidation of Ta between graphene layers.
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G-(100) (100)

Fig. 7. (a) and (d) The low-magnification HRTEM images after vacuum sealing treatment at 1100 °C for 30 min, with inset SAED images; HAADF-I is the
HAADF image of the area marked by the dashed box in panel (a) accompanied by the EDS spectra of C, O, and Ta elements for that area; (b) high-magnification
image of panel (a) with an inset FFT image; FT-1 and FT-2 are the FT images of the boxed areas 1-2 in panel (b), respectively. HAADF-II is the HAADF
image of the area marked by the dashed box in panel (c) accompanied by the EDS spectra of C, O, and Ta elements for that area. (d) High-magnification image
of the boxed area d in panel (c) with an inset FFT image; FT-3 and FT4 are the FT images of the boxed areas 3 and 4 in panel (d), respectively.

Figures 7(a) and 7(c) present low-magnification TEM im-
ages of samples after annealing at 1100 °C for 30 min in
a vacuum-sealed tube. In Fig. 7(a), particles with relatively
dark contrast and sizes ranging from 150 nm—170 nm are ob-
served on the graphene sheets. The SAED-a pattern indicates
the presence of diffraction information originating from the
graphite (101) and (110) planes in this region. By analyz-
ing the EDS mapping images of this area and further exam-
ining the distribution of C, O, and Ta elements, a compari-
son between the bright small particles in the HAADF image
and the distribution maps of C, O, and Ta elements reveals
overlapping distribution areas of Ta and O elements on the
sample surface. This suggests that Ta atoms deposited on the
graphene sheets have been oxidized, forming TaO, agglomer-
ates with spherical sizes of approximately 200 nm. Further
analysis is conducted by magnifying region b in Fig. 7(a).
The FFT-b pattern displays diffraction information from the
graphite (100) plane. Upon magnifying the particle region in
Fig. 7(b), the diffraction information corresponds to the (110)
and (220) planes of i-carbon, with particle sizes ranging from
25 nm—30 nm. This is due to the significant reduction in the
number of monodisperse tantalum atoms deposited within the
graphene layers during the high-temperature annealing pro-
cess at 1100 °C. Consequently, the transformation of graphene
into the diamond phase becomes difficult to achieve, resulting
only in the formation of i-carbon. Additionally, as the anneal-
ing temperature increases, the diffusion capability of tanta-
lum atoms enhances. These tantalum atoms diffuse into larger
areas of graphene, thereby forming more and larger-sized i-

carbon particles.

Figure 7(c) displays the presence of particulate agglom-
eration on graphene. The SAED-c pattern indicates the pres-
ence of diffraction information originating from the graphite
(101) and (110) planes in this region. By analyzing the EDS
mapping images of this area and further examining the distri-
bution of C, O, and Ta elements, a comparison between the
bright small particles in the HAADF image and the distribu-
tion maps of C, O, and Ta elements reveals overlapping dis-
tribution areas of Ta and O elements on the sample surface.
This indicates an enrichment of Ta and O elements in this re-
gion. Further analysis was conducted by magnifying region d
in Fig. 7(c). Two particulate regions distinct from the graphite
stripes are observed in Fig. 7(d), labeled as regions 3 and 4,
respectively. Upon magnifying these particulate regions, both
Figs. 7(d)-3 and 7(d)-4 display the presence of two sets of
TaC crystal planes, with particle sizes ranging from 30 nm—
40 nm. Above results reveal that when the annealing tem-
perature reaches 1100 °C, larger spherical i-carbon particles
are formed. This indicates that significant chemical changes
and interactions occur between Ta atoms and O within the
graphene layers during the annealing process.

The x-ray photoelectron spectroscopy (XPS) tests were
conducted on the samples, and the results were further ana-
lyzed in conjunction with TEM image analysis to investigate
the relationship between the bonding changes and atomic con-
tent of oxygen (O) and tantalum (Ta) on the graphene surface
and the formation of diamond. Figure 8(a) presents the fitted
bonding spectrum of the C 1s peak for the samples, while fig-
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ure 8(d) displays the trend in the proportion of sp? and sp> car-
bon bondings. The C 1s peaks of all samples can be fitted into
four peaks located at 284 eV, 284.6 eV, 285.2 eV, 286.2 eV,
and 287.3 eV, corresponding to sp> carbon, sp> carbon, C—
0, C=0, and 7—-7* bonds.[?*3?! As illustrated in Figs. 8(a)
and 8(d), as the annealing temperature increases from 700 °C
to 900 °C, the sp’ carbon content gradually increases, while
the sp? carbon content remains relatively low. This trend is
consistent with the TEM analysis results, which shows that
the size of 2D diamonds increases from approximately 10 nm
to 25 nm. However, when the annealing temperature rises to
1000 °C, XPS results indicate a decrease in sp3 carbon content
and a significant increase in sp> carbon content. Correspond-
ing TEM results reveal a reduction in the size of 2D-diamond
to approximately 20 nm, along with the observation of larger
amorphous carbon spheres. As the annealing temperature fur-
ther increases to 1100 °C, the sp* carbon content drops to its
lowest level, while the sp? carbon content decreases slightly
compared to that at 1000 °C. At this temperature, TEM re-
sults show the presence of i-carbon particles, but no diamond
formation is observed.

Figure 8(b) presents the fitted bonding spectrum of the
O 1s peak of the sample, while figure 8(e) reveals the trends in
the proportions of lattice oxygen (O,) and oxygen vacancies
(Oy) with annealing temperature. When the annealing tem-

perature exceeds 1000 °C, the O 1s peak shifts to a higher
potential, indicating intensified internal oxidation of the sam-
ple. Combined with TEM results, it is observed that more
TaO, appears between graphene layers after annealing at tem-
peratures above 1000 °C. During the annealing process from
700 °C to 900 °C, the O, content gradually decreases, sug-
gesting a partial reduction in the oxidation degree of Ta within
the graphene layers. Simultaneously, the increase in O, con-
tent implies the breaking of Ta—O bonds, particularly during
annealing at 700 °C to 900 °C and 1100 °C. This promotes the
enlargement of 2D diamond sizes. However, when the anneal-
ing temperature reaches 1000 °C, the O, content rises again,
indicating intensified oxidation. At an annealing temperature
of 1100 °C, the O, content decreases, as Ta combines with C
between graphene layers to form TaC, aggregations.

Figure 8(c) displays the fitted bonding spectrum of the
Ta 4f peak, while figure 8(f) shows the trends in the atomic
mass ratios of Ta 4f and O 1s with annealing temperature.
When the annealing temperature exceeds 1000 °C, the Ta 4f
peak shifts to a higher potential, indicating intensified oxida-
tion of Ta on the graphene surface. As the annealing temper-
ature increases, the surface concentrations of O and Ta grad-
ually decrease, indicating an increase in the precipitation and
agglomeration of Ta—O during the annealing process.
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Fig. 8. (a) Core-level spectra of C 1s, (b) core-level spectra of O 1s, and (c) core-level spectra of Ta 4f for untreated samples and samples annealed
at different temperatures, along with their fitting curve; Variation of (d) sp> and sp® carbon bond contents, (e) lattice oxygen (O,) and oxygen vacancy
(Oy) content, and (f) atomic mass of O 1s and Ta 4f on the sample surface with annealing temperatures.
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The XPS analysis has unveiled the influence of anneal-
ing temperature variations on the chemical bonding and dis-
tribution state of Ta elements interlayers within graphene,
which in turn significantly affects the phase transition pro-
cess of graphene. Specifically, when the annealing tempera-
ture does not exceed 900 °C, the Ta—O content exhibits a de-
creasing trend as the temperature rises, accompanied by an
increase in sp3 carbon content. This indicates that Ta, when
not bound to O, facilitates the transition of graphene towards
the diamond phase. However, when the annealing temperature
reaches 1100 °C, Ta binds with C and agglomerates, resulting
in a decrease in the dispersion of Ta atoms and consequently
hindering the progress of graphene’s phase transition.

Combining TEM images and XPS data, we have observed
that annealing temperature plays a crucial role in the phase
transition of graphene. Under annealing conditions below
1000 °C, as the temperature increases, the sp3 carbon con-
tent rises, and 2D-diamond thin regions emerge in the samples,
with their sizes expanding as the annealing temperature further
elevates. At this stage, Ta is not extensively bound to O and
exists in a monomeric state with high dispersion, which favors
the phase transition of graphene into 2D-diamond. However,
when the annealing temperature rises further to 1000 °C and
above, the contents of O, and O, exhibit trends of initial in-
crease followed by decrease and initial decrease followed by
increase, respectively, while the sp> carbon content decreases
significantly. TEM images reveal that at 1000-°C annealing,
large-sized TaO, particles appear in the samples, accompa-
nied by a reduction in diamond size. When the annealing tem-
perature reaches 1100 °C, large-sized agglomerates of TaO,
and TaC, are observed within the samples, with no diamond
diffraction information detected. These observations indicate
that the changes in Ta bonding and distribution state induced
by annealing temperature are key factors influencing the cat-
alytic transformation of graphene into the diamond phase.

4. Conclusion

In summary, graphene sheets decorated with monodis-
perse tantalum serve as phase transition precursors for the suc-
cessful synthesis of 2D-diamond and through annealing treat-
ments at various temperatures in a vacuum environment. Anal-
ysis using TEM and XPS reveals that monodisperse Ta atoms
play a crucial role in facilitating the graphene phase transition
during the annealing process. Our results indicate that the op-
timal annealing temperature is 900 °C, at which the size of
the 2D-diamond increases to 20 nm—30 nm. However, when
the annealing temperature is raised to 1100 °C, no diamond
structure is observed in the samples, and significant agglom-
eration of tantalum compounds is found between the graphene
layers. This suggests that excessively high annealing tempera-
tures cause the monodisperse tantalum to precipitate out from

the graphene sheets and combine with carbon and oxygen,
thereby hindering the phase transition process. Our research
findings provide conditions for the preparation of 2D-diamond
from tantalum-loaded graphene under atmospheric pressure,
which is of great significance for the development of using
graphene as a precursor for the synthesis of 2D-diamond.
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