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ABSTRACT: Nanocrystalline diamonds (NCDs) are one of the
many carbon allotropes that have attracted great attention for the
advancement of many technologies owing to their superior
mechanical, thermal, and optical properties. Yet, their synthesis
must be improved for availability at low costs and their widespread
application. Here, we report the atmospheric-pressure flame vapor
deposition (FVD) synthesis of NCD particles and thin films over
an area of more than 27 cm2 using methane−hydrogen−air flat
flames. Synthesis at atmospheric pressure is beneficial as it can
lower costs and be more time-efficient when compared to the
batch-by-batch synthesis of low-pressure and high-pressure
processes. Also, the abundance of methane gas available can
further lower costs and improve scalability, while generating lower
flame temperatures to mitigate the need of extensive cooling. Notably, the FVD method unlocks conditions for diamond growth
beyond the previously considered diamond-growth region of the C−H−O phase diagram. By modeling the flame radical species as a
guidance, we experimentally demonstrate that the FVD growth of NCDs can be facilely controlled by tuning the reactant gas
composition, substrate material, and seeding density. Moreover, we show that the addition of an external electric bias was influential
in controlling the porosity and thickness of the NCD films. Overall, with the low cost and simplicity for operation without the need
of vacuum, this atmospheric-pressure FVD approach will offer opportunities to facilitate the scaling-up of NCD synthesis for
applications in optical, tribological, thermal, and biomedical coatings.
KEYWORDS: nanocrystalline diamond, combustion synthesis, flat flame, atmospheric pressure, chemical vapor deposition, methane

1. INTRODUCTION
Nanocrystalline diamond (NCD) particles and films have
received widespread interest because they exhibit many
exceptional properties at the nanoscale including high
hardness, high thermal conductivity, broad optical trans-
parency, high refractive index, chemical inertness, good
biocompatibility, versatile surface chemistry, and so forth.1−4

Furthermore, NCDs offer several superior properties compared
to their bulk and microcrystalline counterparts, such as
exhibiting a lower surface roughness which is essential for
tribological, optical, and biomedical applications.5−7 In
addition, it was reported that NCDs show higher mechanical
strength for use in protective coatings and microelectrome-
chanical systems.8−10 Besides, NCD particles and films have
large surface areas, which can lead to better performance for
electrochemical devices and drug delivery applications.11,12

To fully exploit the promising properties of NCDs for
applications in optical, tribological, thermal, and biomedical
coatings, it requires scalable and low-cost fabrication processes
that can produce them with good control and high quality. To
date, the most commonly used techniques for synthesizing
NCD particles and films include detonation, high-pressure and

high-temperature (HPHT) method, and chemical vapor
deposition (CVD).13−18 However, these methods involve
either high-pressure or low-pressure operations, which impedes
the large-scale production of NCDs. Among the synthesis
methods, the combustion flame synthesis process has the
unparalleled capability to synthesize diamond at atmospheric
pressure with high growth rates, lower costs, and simpler
operation due to the absence of complex and expensive reactor
vessels.
Initial studies of combustion diamond synthesis began in the

late 1980s with Hirose first demonstrating diamond growth in
oxygen−acetylene flames using a welding torch at atmospheric
conditions.19 This method obtained high growth rates between
100 and 170 μm/h but had drawbacks including small and
non-uniform growth areas and significant amounts of non-
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diamond carbons. Subsequent attempts implemented flat flame
configurations, which significantly improved the uniformity
and allowed for growth over larger areas.20−22 However,
previous work mostly focused on acetylene as the hydrocarbon
fuel, which is relatively expensive and has the disadvantage of
high flame temperatures (around 3000 °C). The high cost of
acetylene represents a substantial fraction of the overall
production cost for the combustion synthesis of diamond,
which makes it not economically viable for scaling up. The
high flame temperature limits the potential substrate materials,
and substantial substrate cooling is typically required. To
address these issues, more research on alternative hydrocarbon
fuels is needed for the combustion flame synthesis of NCDs.
In this work, we report the atmospheric-pressure flame vapor

deposition (FVD) of NCDs over large areas of more than 27
cm2 using a flat flame burner operating with premixed gases of
methane, hydrogen, and air (CH4/H2/air). The operation at
atmospheric pressure allows for continuous production, which
is more time-efficient and cost-effective compared to the batch-
by-batch synthesis of low-pressure or high-pressure processes.
Also, utilizing methane as the hydrocarbon fuel offers the
opportunity to lower costs and improve scalability, as methane
is inexpensive, abundant, and generates a lower flame
temperature. We model the profiles of radical species in
CH4/H2/air flames to identify the optimal growth conditions.
The effects of varying the reactant gas compositions,
substrates, and external electric fields are also investigated to
control the NCD growth behavior. Significantly, this growth
approach allows us to extend diamond synthesis into the
previously thought “no growth region” of the C−H−O phase
diagram. Our results demonstrate the promise of using
atmospheric-pressure CH4/H2/air flat flames to fabricate
high-quality NCDs in a scalable and cost-effective manner
for diverse coating applications.

2. EXPERIMENTAL SECTION
2.1. Substrate Seeding. The substrates were first cleaned by

sonication in acetone and methanol, which were then rinsed with
deionized water and air dried. After cleaning, the substrates were
plasma treated in the Harrick Plasma High Power Expanded Plasma
Cleaner for 1 min at medium power to produce a negative surface
potential for promoting the adhesion and dispersion of the diamond
seed solution on the substrate surface, as the seed solution exhibits a
positive zeta potential. Prior to seed coating, the seed solution (0.5 wt
% in DSMO, Adaḿas Nanotechnologies) was cleaned in concentrated
H2SO4−HNO3 (9:1, vol/vol) solution at 75 °C for 3 days, followed
by separation with centrifugation and extensive rinse with deionized
water.23 The seeding step was conducted by coating the substrates
with the seed solution containing 5−10 nm diamond nanoparticles,
followed by air drying.
2.2. Nanocrystalline Diamond Synthesis. The growth of

NCDs was performed using a McKenna burner operating on
premixed gases of CH4, H2, and air, which generated a flat flame at
atmospheric pressure in air. Mass flow controllers regulated the gas
transport to obtain steady flow rates. The seeded substrate was held
horizontally at 2 mm above the burner surface. The growth duration
was controlled at 1 h. The gas compositions used for three different
growth cases are CH4/H2/air = 0.3:4:6, CH4/H2/air = 0.75:2.2:6, and
CH4/H2/air = 0.9:1.6:6, where the ratios correspond to the individual
flow rate of each gas in standard liters per minute (SLPM). The
corresponding gas flow velocities at the burner surface were calculated
to be 6.1, 5.3, and 5 cm/s, respectively. Due to their small magnitudes
and close values, the effects of the differing gas velocities on diamond
growth were assumed to be negligible when comparing the three
conditions. The flame temperatures for CH4/H2/air = 0.3:4:6, CH4/
H2/air = 0.75:2.2:6, and CH4/H2/air = 0.9:1.6:6 conditions were

around 800, 760, and 680 °C, respectively, as measured by a K-type
thermocouple (Omega Engineering) that was placed in the flame at
the growth height until the temperature reading stabilized. For
samples with an applied external electric field, electrodes were
attached to the substrate holder and burner to provide positive or
negative biases of 36 and 72 V at the substrate with respect to the
burner. A relatively low voltage was used to apply the electric field due
to the substrate’s close proximity to the burner. All sample parameters
can be seen in Table 1.

2.3. Flame Simulation. To determine the optimal flame
conditions for diamond growth, Cantera was utilized to model the
flame chemistry of a burner-stabilized flat flame at atmospheric
pressure with the GRI-Mech 3.0 reaction mechanism and the multi-
component transport model. For the simulation, the flow rate of air
was kept at a constant value of 6 SLPM, and the H2 and CH4 flow
rates were varied to obtain the mole fraction values of the principal
radicals that are considered to influence the diamond growth,
primarily H, O, OH, and C1 species. The obtained mole fraction
values were then plotted on a contour plot.

2.4. Material Characterization. Raman spectroscopy was
performed with a 532 nm excitation wavelength on a Horiba
LabRAM HR 3D-capable Raman spectroscopy imaging system to
confirm the presence of sp2- and sp3-bonded carbon. Additionally,
scanning electron micrographs were taken with a Hitachi S-4800 High
Resolution scanning electron microscope (SEM) to determine the
size of the diamond particles and study the morphology of the
particles and films at the varying CH4 and H2 gas ratios. Atomic force
microscopy (AFM) was performed with the Asylum Research Cypher
to determine the surface roughness and estimate the film thicknesses.
Transmission electron microscopy and electron energy loss spectros-
copy (EELS) were performed on an FEI Themis Z Advanced Probe
Aberration Corrected Analytical TEM/STEM, and Grazing incidence
X-ray diffraction (GIXRD) was performed on the Bruker D8 Advance
to determine the crystallinity and purity of the diamond samples.

3. RESULTS AND DISCUSSION
The FVD method utilizes high-temperature combustion
reactions between fuel and oxidizer to generate various
reactive radical species for the deposition of diamonds (Figure
1a,b). In our work, a 6 cm-diameter McKenna premixed flat
flame burner shown in Figure 1a,c is employed, which can
generate flat flames with radial uniformity for large-area
diamond growth. In previous studies, flame synthesis of
diamond using methane as the fuel gas was only reported at
low pressures, since atmospheric-pressure flat flames are less
stable.24,25 Here, we demonstrate that the premixed CH4/H2/
air flat flame configuration with the addition of H2 to CH4 as
the fuel and air as the oxidizer could improve the flame stability
at atmospheric pressure. Atmospheric operation also provides

Table 1. Synthesis Parameters for FVD Nanocrystalline
Diamond Growtha

Sample

CH4 flow
rate

(SLPM)

H2 flow
rate

(SLPM)

Air flow
rate

(SLPM)
Substrate
material

Substrate
bias

A 0.30 4 6 Si none
B 0.75 2.2 6 Si none
C 0.90 1.6 6 Si none
D 0.75 2.2 6 stainless

steel
none

E 0.75 2.2 6 Si +36
F 0.75 2.2 6 Si −36
G 0.75 2.2 6 Si +72
H 0.75 2.2 6 Si −72

aAll diamond synthesis experiments were carried out for 1 h.
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the advantage of higher growth rates and system simplicity
without the need for a vacuum chamber.26

In the diamond growth process, it is widely regarded that
carbon-containing radicals are key participants for the
formation of sp2- and sp3-bonded carbon, with CH3 considered
to be the dominant species that induces higher diamond
growth rates.27−30 Moreover, the presence of H, O, and OH
radicals are vital in diamond growth as they contribute to the
etching of graphitic carbon configurations and assist in
stabilizing sp3 bonds.29 On the ⟨100⟩ diamond surface, carbon
dimers are made accessible through the abstraction and
absorption of atomic hydrogen. Oxygen radicals can assist in
the abstraction of absorbed hydrogen atoms and generate
active sites on the ⟨100⟩ diamond surface.31 The addition of
oxygen can also lead to an increase in H and OH species for
the removal of non-diamond carbon and reduce the amount of
pyrolytic carbon species.32 Therefore, controlling the concen-
trations of these radical species will have a significant influence
on diamond growth.
To determine suitable conditions for diamond growth in

premixed CH4/H2/air flat flames at atmospheric pressure, we
simulated their radical species profiles using chemical kinetics
modeling. Figure 2 computes the concentrations of selected

radical species at the height of 2 mm above the burner with
different CH4 and H2 gas flow rates, while the air flow rate is
fixed at 6 standard liter per minute (SLPM). The CH4 gas flow
rate was varied in the range of 0−1 SLPM, and the H2 gas flow
rate was varied between 0 and 10 SLPM. It is seen that the
concentrations of CH3, CH2, CH, and C radicals increase as
the CH4 flow rate increases and the H2 flow rate decreases.
CH3 has the highest concentration among all the C1 radical
species, which reaches its peak concentration with the CH4
flow rate around 0.75 SLPM and the H2 flow rate around 1
SLPM. Considerable amounts of H radical are generated at
elevated H2 flow rate. Besides, H, O, and OH radicals obtain
their peak concentrations when CH4 and H2 are held at flow
rates below 0.5 and 2 SLPM, respectively. The modeling of
atmospheric-pressure CH4/H2/air flat flames suggests that the
profiles of radical species can be effectively controlled by
varying the reactant gas composition, which could be an
important factor that influences diamond growth.
Under the guidance of the modeling results, we attempted

FVD diamond growth at three different conditions of CH4/
H2/air flat flames to determine the effects of varying the
reactant gas composition. The reactant gas flow rates (SLPM)
were chosen at CH4/H2/air = 0.3:4:6, 0.75:2.2:6, and
0.9:1.6:6, and the equivalence ratio was maintained at
approximately ϕ = 2 for each case. With a low seeding density
on Si substrates, the formation of diamond nanoparticles was
observed for all three flame conditions (Figure 3). Figure 3a
shows the representative scanning electron microscopy (SEM)
image of a well-faceted, rectangular-shaped particle obtained at
the reactant gas composition of CH4/H2/air = 0.3:4:6. Raman
spectrum of the particle in Figure 3b displays a narrow peak
centered at the Raman shift of 1332 cm−1 with a full width at
half maximum (FWHM) of 5.37 cm−1, matching well with the
characteristic Raman peak of sp3-bonded carbon.33,34 No peaks
near 1345 and 1605 cm−1, corresponding to the D and G
bands of sp2-bonded graphitic carbon, respectively, were
detected on the measured diamond particles. These character-
ization results confirmed the high quality of diamond
nanoparticle growth that can be achieved using CH4/H2/air
flat flames.

Figure 1. (a) Schematic of the flame vapor deposition setup for the
NCD synthesis. (b) Schematic of the diamond growth process
involving flame radical species at the substrate interface. (c)
Photograph of the premixed CH4/H2/air flat flame generated by
the McKenna burner.

Figure 2. Simulation of the mole fraction values for carbon-containing (C1) species, H, O, and OH radicals in the CH4/H2/air flat flame as a
function of varying flow rates of H2 and CH4. The air flow rate was fixed at 6 SLPM.
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As the CH4 flow rate increased and the H2 flow rate
decreased, it was observed that the average particle size
decreased, and the morphology of the particles became more
irregular, as shown in Figure 3c−h. The average particle size
using the reactant gas ratios of CH4/H2/air = 0.3:4:6,
0.75:2.2:6, and 0.9:1.6:6 were measured to be 303, 176, and
139 nm, respectively (Table S1). Additionally, the particle
density on the substrate was found to increase with the
increasing CH4 flow rate and decreasing H2 flow rate. This
occurrence may be explained by the different radical
concentrations at different conditions. The CH4/H2/air =
0.3:4:6 case has a higher concentration of atomic hydrogen and
lower concentration of carbon-containing radicals. We
speculate that the higher concentration of atomic H radical
rapidly etches away the diamond seeds, leaving a lower density
of nucleation sites for growth to occur. With the lower
nucleation density, more carbon-containing radicals like CH3
can readily react with each available nucleation site, leading to
larger particles.
The diamond particle quality at the different growth

conditions were evaluated using Raman spectroscopy. For
the cases, CH4/H2/air = 0.75:2.2:6 and 0.9:1.6:6, all of the
diamond particles showed a narrow peak centered around
1332 cm−1 with FWHMs of 5.17 and 5.30 cm−1, respectively.
No apparent D and G bands, similar to that of the CH4/H2/air
= 0.3:4:6 case, were observed in the Raman spectra of the

diamond particles. However, additional small amounts of non-
diamond carbon with Raman peaks centered around 1345 and
1605 cm−1, corresponding to the D and G bands in sp2-bonded
graphitic carbon, respectively, were detected in very small
regions on the substrate, especially near the areas where the
substrate was held (Figure S1).35 The occurrence of sp2 carbon
particles was slightly higher for the growth utilizing the
reactant gas flow rate ratio of CH4/H2/air = 0.9:1.6:6. In the
other two growth cases of CH4/H2/air = 0.3:4:6 and
0.75:2.2:6, the graphitic carbon particle growth was found to
be more sporadic and minimal. This is likely owed to the
increased concentration of atomic H radicals, which greatly
contributes to the removal of graphitic carbon deposits.
It should be pointed out that Bachmann et al. previously

introduced the C−H−O phase diagram to generalize and
determine a trend of suitable gas reactant compositions for the
major diamond synthesis methods based on experimental
results over the years, as the synthesis methods had the
commonality of using gas phase ratios composed of carbon,
hydrogen, and oxygen.36 By graphing the C, H, and O atom
fractions of the gas phase compositions from the experimental
works, it was discovered that most diamond growth occurs
within a narrow wedge shape along the CO line in the diagram.
Growth above the upper boundary was limited to the non-
diamond carbon growth, and no carbon growth was typically
seen below the lower boundary. Notably, our results reveal

Figure 3. (a) SEM micrograph of a representative well-faceted diamond particle grown by the FVD method. (b) Raman spectra of the particle
growth at different gas ratios. (c−h) SEM micrographs showing the density, size, and morphology for the NCD particle growth at different gas
ratios.
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new C−H−O compositions, shown in Figure 4, that extends
the diamond growth region into the previously thought no-

carbon-growth region of the C−H−O phase diagram. The C−
H−O phase diagram depicts that our diamond synthesis is very
oxygen-rich. Bachman et al. also found that diamond growth
that occurred closer to the boundary of the no growth region
had slower growth rates but higher phase purity, with narrower
widths of the sp3 Raman peaks and decreased intensities of the
sp2 carbon bands due to the larger amounts of O radicals that
would more quickly etch away the non-diamond carbons.36 It
is likely that this is the reason that our NCD growth reveals
sharp diamond Raman lines with narrow widths and negligible
graphitic carbon bands. Overall, this demonstrates that the
FVD method using atmospheric-pressure CH4/H2/air flat
flames unlocks new possibilities for high quality diamond
synthesis beyond conventional methods. Furthermore, it
should be noted that this diagram is simplistic as it only
considers the atomic ratios of C, H, and O. Other common
growth parameters such as the pressure, temperature, and
diluent gasses were not taken into account. More exper-
imentation would be required to determine the impact of these
parameters on the phase diagram.
Additionally, FVD growth of NCD thin films was achieved

with a higher seeding density on Si substrates. As shown in
Figure 5a−c, the film growth was very porous and discrete at
CH4/H2/air = 0.3:4:6. When the CH4 and H2 flow rates were
increased and decreased, respectively, the surface became less
porous and more continuous at CH4/H2/air = 0.75:2.2:6 and
0.9:1.6:6. The Raman spectra in Figure 5g exhibit sharp peaks
at 1332 cm−1 with no apparent sp2 carbon peaks. Contrary to
the Raman measurements of the particles in Figure 3b, the
CH4/H2/air = 0.9:1.6:6 condition, followed by the CH4/H2/
air = 0.75:2.2:6 condition, showed higher relative intensities
than the CH4/H2/air = 0.3:4:6 condition. Overall, the latter
synthesis condition generated films containing more pores, and
thus, the sp3 carbon peak intensity was likely smaller due to the
smaller volume fraction of sp3 carbon molecules (the same

laser power and integration times were used in all measure-
ments). The film of the CH4/H2/air = 0.9:1.6:6 growth
condition appeared to have the densest grains, resulting in a
higher Raman intensity. Meanwhile, the thickness of the films
may have also had some contribution to the differing Raman
intensity profiles. Raman mapping acquisitions of the films in
Figure 5d−f also showed relatively good uniformity of the
FWHM of the 1332 cm−1 peak over the scanned area (50 μm
× 50 μm), confirming the growth of high-quality and uniform
NCD films. The corresponding sample maps plotted as a
function of the peak intensity also show good uniformity
(Figure S2). Furthermore, it was observed that the overall
FWHM of the CH4/H2/air = 0.9:1.6:6 condition is slightly
higher, compared to the other two conditions, indicating the
influence of the gas ratios on the quality of the as-deposited
NCD films. Atomic force microscopy (AFM) characterization
of the representative NCD thin film grown on the Si substrate
at CH4/H2/air = 0.75:2.2:6 revealed a thickness of
approximately 423 nm (Figure S3).
Grazing incidence X-ray diffraction (GIXRD), transmission

electron microscopy (TEM), and electron energy loss
spectroscopy (EELS) were also performed to determine the
crystallinity and purity of the FVD-grown diamond samples for
the case involving the gas flow rate ratio of CH4/H2/air =
0.3:4:6. The GIXRD scan detected a peak at 43.9° (Figure S4),
which corresponds to diamond (111) planes, confirming the
crystallinity of FVD-grown diamond thin films.37 The EELS
spectrum of the carbon K edge in Figure 5h shows a major σ*
peak centered around 291 eV, which is a characteristic
diamond peak arising from the transition of 1s core level
electrons to the unoccupied anti-bonding σ* states for sp3-
bonded carbon (1s → σ* transition).38−41 The shape of the
carbon K-edge fine structure extended beyond 290 eV also
resembles the distinct near-edge features of 1s → σ*
transitions for diamond. Besides, no π* peak at 285 eV for
sp2 carbon (1s → π* transition) was detected, suggesting that
the graphitic carbon phase was not present in the sample.
Additionally, EELS measurements showed no peak centered
near 400 eV from the N−K edge, indicative of negligible N
impurities in the sample.42,43 Furthermore, from the TEM
image in Figure 5i, it is evident that the diamond sample has
nanocrystalline structures, consisting of crystallites in the size
range of 10−20 nm. The high-resolution TEM images in
Figure 5j show clear lattice fringes with the spacing of
approximately 0.206 nm, consistent with that of the diamond
(111) lattice planes.44 The electron diffraction pattern of the
NCD lattice by Fast Fourier Transform (FFT) in Figure 5k
shows well-defined rings and spots that agree with the (111)
and (220) planes of diamond, which confirms the good
crystallinity and high purity of the FVD-grown NCD sample.
Next, we investigated the effect of different substrate

materials on the growth of NCDs by the FVD process.
Synthesis of NCD films was carried out on stainless steel
substrates, prepared in the same manner as the Si substrates
and using the condition of CH4/H2/air = 0.75:2.2:6, to
compare with that of the Si substrate. Raman spectroscopy
characterization of the sample in Figure S5a showed a sharp
peak at 1332 cm−1 with a large FWHM of 9.42 cm−1,
confirming the successful growth of NCDs. For the growth on
Si substrates, the average grain size and roughness (Ra) of
NCD films were measured to be 40 and 2.1 nm, respectively
(Figure S5b,c). In comparison, the resulting NCD thin films
on the stainless steel substrate were found to have sharp-edge

Figure 4. New C−H−O phase diagram depicting the extended
growth region in this work.
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grains with a larger grain size of 152 nm and an increased
roughness (Ra) of 8.6 nm, as seen in Figure S5d,e. It should be
noted that the low roughness values achieved can be applied to
create smoother interfaces for optical, tribological, thermal, and
biomedical applications. The morphology differences between
the growth on Si and stainless steel substrates can be due to
the increased surface roughness of the stainless steel

substrate.45,46 It was found that increasing the substrate
roughness leads to a more faceted growth, whereas smoother
substrates produced a rounder, cauliflower-like morphology.
Finally, we demonstrate that the FVD system allows for

facile addition of external electric fields to further control the
growth of NCD films. It is known that ions are widely present
in flames, which are produced by chemi-ionization and a series

Figure 5. (a−c) SEM micrographs of the NCD films obtained at different gas ratios. (d−f) Raman maps of the NCD films showing the FWHM
uniformity of the 1332 cm−1 Raman line. (g) Raman spectra of the NCD films grown at different gas flow rate ratios. (h) EELS spectrum of the
carbon-K edge for the FVD-grown NCD sample. (i) TEM image depicting the polycrystalline structure. (j) High-resolution TEM showing the
lattice spacing of diamond (111) planes. (k) Corresponding FFT image displaying the electron diffraction pattern of the sample.
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of other ion−molecule reactions.47,48 In fuel-rich flames, these
include positive ions, such as H3O+ and CnHx

+ (n ≥ 1, x ≥ 0)
and negative ions, such as OH− and CnHx

− (n ≥ 2, x = 0−
3).49,50 Because of the presence of various ion−radical
interactions in flames, it is anticipated that an external electric
field could influence the diamond growth behavior. As shown
in Figure 6a, the unbiased sample grown on the Si substrate
had a very porous structure. In contrast, the porous structure
of the film was substantially decreased in the growth with a
positive bias added to the substrate (Figure 6b) and no pores
were evident in the growth performed with a negative substrate
bias (Figure 6c). Additionally, it was observed that both
biasing cases led to better substrate coverage of the diamond
film and there were no significant differences between the grain
sizes of the films grown with and without substrate biasing.
From the Raman spectra in Figure 6d, it can be seen that the
biased and unbiased cases all showed sharp, narrow peaks at
1332 cm−1 signifying their high quality. We speculate that the
smoother and denser films achieved with the biased cases can
be ascribed to better homogeneity of the flame radicals under
the applied electric field that directs the flame radicals to reach
the substrate surface with the same incidence. Additional
samples with the same gas flow rate ratio were synthesized with
larger substrate biases of +72 and −72 V, with respect to the
burner, to determine the influence of the substrate bias
magnitude. Similar results were seen with no evident pores
found in the films, even with the positive substrate bias (Figure
S6). Besides, the larger bias also contributed to thicker films
than the 0, +32, and −32 V samples. We speculate that the
increased electric field between the burner and substrate also
provided more energy to increase the rate at which the radicals
arrive to the nucleation sites on the substrate, leading to
increased growth rates. Nevertheless, more experimentation
will be needed in future studies to fully understand the
mechanisms governing the diamond growth behavior under
electric field-assisted flame conditions.

4. CONCLUSIONS
In summary, we have demonstrated the synthesis of high-
quality NCD particles and films on Si and stainless-steel
substrates in premixed CH4/H2/air flat flames at atmospheric

pressure. We have shown that faceted NCD particles with a
low seeding density and porous NCD thin films with a high
seeding density were achieved at CH4/H2/air = 0.3:4:6.
Increasing the CH4 flow rate and decreasing the H2 flow rate
were found to not only increase the density and decrease the
size for particle growth but also reduce the porosity and
enhance the coverage density for the thin film growth. The
large concentration of H2 and O2 gases contributes to
significant removal of sp2-bonded carbon and high-quality
growth of NCDs. Notably, the growth conditions applied by
the FVD method also provide new points on the C−H−O
phase diagram beyond conventional methods to enable
diamond growth. Additionally, the lower flame temperature
generated by the combustion of methane−hydrogen−air
flames can allow for diamond growth on different substrate
materials. The substrate material strongly influenced the
morphology of the NCD film growth, with stainless steel
substrates leading to sharper faceted grains, larger grain sizes,
and smooth films but with increased roughness compared to
that of the Si substrate. Furthermore, substrate biasing proved
beneficial in the FVD growth of smoother, denser, non-porous
NCD thin films. Given its simplicity, versatility, and low cost,
we believe the atmospheric-pressure FVD approach can open a
new pathway for scaling up the production of nanocrystalline
diamond particles and thin films for important applications in
optical, tribological, thermal, and biomedical coatings.
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Figure 6. Cross-sectional SEM micrographs of the NCD films grown at a gas flow ratio of CH4/H2/air = 0.75:2.2:6 with applied substrate biases of
(a) 0, (b) +36, and (c) −36 V. (d) Corresponding Raman spectra.
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