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While hexagonal boron nitride (hBN) has been widely used as a buffer or

encapsulation layer for emerging electronic devices, interest in utilizing it for

large-area chemical barrier coating has somewhat faded. A chemical vapor

deposition process is reported here for the conformal growth of hBN on large

surfaces of various alloys and steels, regardless of their complex shapes. In

contrast to the previously reported very limited protection by hBN against

corrosion and oxidation, protection of steels against 10% HCl and oxidation

resistance at 850 °C in air is demonstrated. Furthermore, an order of

magnitude reduction in the friction coefficient of the hBN coated steels is

shown. The growth mechanism is revealed in experiments on thin metal

ûlms, where the tunable growth of single-crystal hBN with a selected number

of layers is demonstrated. The key distinction of the process is the use of N2

gas, which gets activated exclusively on the catalyst’s surface and eliminates

adverse gas-phase reactions. This rate-limiting step allowed independent

control of activated nitrogen along with boron coming from a solid source

(like elemental boron). Using abundant and benign precursors, this approach

can be readily adopted for large-scale hBN synthesis in applications where

cost, production volume, and process safety are essential.
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1. Introduction

Hexagonal boron nitride (hBN) has
emerged as a foundational 2D material
with a üat layered structure, chemical
inertness, and a large thermal stability
window similar to those of graphene,
yet with an ultra-wide bandgap (≈6 eV).
These attributes promise a large variety
of applications. Besides utilization as
a substrate, a gate dielectric, an inter-
layer or encapsulating insulator, and
even an active material in electronic,
photonic, and quantum devices,[1–4]

a class of applications with broader
relevance to industry involves hBN as
a superior protective layer preventing
corrosion, offering high-temperature
oxidation resistance, inhibiting scale for-
mation, reducing friction, etc.[5–9] Both
application classes require high-quality
hBN, but the latter must be employed
on a very large scale and thus has
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signiûcantly more stringent requirements for scalability, safety,
and the process cost.
The <gold standard= approach for the highest quality hBN-

based devices employs exfoliated üakes from bulk hBN single
crystals synthesized by slow cooling of üuxes containing boron
and nitrogen precursors, or boron nitride powder.[10–13] Such bulk
crystal growth processes are long (>24 h) and requires high-
temperature furnaces (>1500 °C). High temperature (>1250 °C)
growth from FeB was also reported.[14] By comparison, chemical
vapor deposition (CVD) can produce much larger hBN ûlms and
wafer-scale ûlms are routinely reported.[15–17] So far, hBN pro-
duced by CVD typically have had inferior quality as compared
to the exfoliated samples, even though specially engineered sub-
strates allowed the growth of epitaxial single-crystal CVD hBN
ûlms.
Recently, large-scale single-crystal samples including mono-

and few-layer hBN were grown on specially engineered Au, Cu,
Ni, and NiFe substrates using borazine (liquid) or ammonia bo-
rane (solid) as a precursor.[18–22] Using these precursors is chal-
lenging not only due to safety and cost, but their decomposition
is also difficult to control in a large reactor and the B:N ratio
changes over the reactor length despite using a precursor with the
initial 1:1 ratio. It complicates the growth process, especially in
larger than lab-scale reactors,[23] enough to evoke usage machine
learning for process optimization.[24] More convenient gaseous
precursors, a mixture of diborane and ammonia, were also in-
vestigated, but the results were even less encouraging as uncon-
trollable deposition of various BN particles and polymers within
the CVD reactor was observed.[25–28] These precursors are also
toxic, which introduces safety issues into the logistics of scalable
synthesis.
Here we present a facile and scalable method for atmospheric

pressure CVD growth of hBN using gaseous molecular nitrogen
and various forms of solid boron (B, B2O3, or B4C) as the pre-
cursors, which are abundant, benign, and convenient – all the
necessary traits for large-scale industrial production. Despite be-
ing counterintuitive, the chemical stability of the N2 molecule
is a key to the process control. We have identiûed nitrogen dis-
sociative adsorption on a catalytic substrate surface as the rate-
limiting step, reminiscent of the Haber-Bosch process.[29,30] It al-
lows for control of activated N supply independently from the
boron supply, which is self-limited from its minute amount of va-
por. This eliminates undesirable gas-phase reactions, which have
been a major concern in the standard hBN CVD synthesis with
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more reactive N feedstock. Through understanding the growth
mechanism and after illustrating the resulting hBN ûlm prop-
erties (Figures 1–4) in typical lab-scale experiments, we demon-
strate (Figures 5 and 6) that such catalytic hBN growth can be
extended to the industry relevant scale, limited only by the reac-
tor size, allowing coating on various industrial metal items such
as stainless steels 304 and 316, mild steels, cupronickels, and
Inconel. We then showcase unprecedented performance of the
hBN grown on widely used stainless steel 304, including protec-
tion against corrosion in 10% HCl for 10 days and against high-
temperature oxidation in air at 850 °C for several hours.We antic-
ipate that the demonstrated approach will be readily adopted for
large-scale hBN synthesis for applications where cost, production
volume, and process safety are essential. On the other hand, our
investigation of the growth mechanism also reveals the poten-
tial of this approach for large-area, single-crystal hBN coatings
on metal and metallic alloy thin ûlms for use in emerging elec-
tronic and photonic devices. Nickel substrates yieldmostlymono-
layers, while the addition of iron increases the number of hBN
layers.

2. Results and Discussion

In previous experiments with hBN synthesis using borazane as a
precursor we found that molecular nitrogen can be activated on
the surface of the catalyst and reduce the negative effect of nitro-
gen loss in a long reactor.[23]Herewe chosemore efficient catalyst
substrates and explore whether more benign sources of boron
can be employed. Surprisingly, we initially noticed that when a
solid elemental boron piece was placed upstream or suspended
over Ni or/and Fe-containing metal foils or thin ûlms, and then
annealed in aN2-containing atmosphere, hBNwas formed on top
of the substrate.
The growth process can be illustrated in a conûguration where

a cm-sized boron piece is placed on top of a quartz support po-
sitioned on top of the catalytic substrate, as shown in Figure 1a.
The catalytic substrate here is a 500 nm-thick metal (Ni-Fe) ûlm
deposited on SiO2/Si wafer. Upon heating, boron species are
released, and their concentrations decline with distance from
the boron piece, while the nitrogen concentration stays constant
throughout the CVD reactor, as sketched in Figure 1b. hBN forms
at the catalyst substrate close to the boron source, where the con-
centration of boron is sufficiently high, and does not form any-
where else, such as under the supporting quartz plate or far away
from the boron chunk. SEM images show a distinct contrast be-
tween the hBN overlayer and the bare catalyst allowing unam-
biguous determination of the hBN region. In the example shown
in Figure 1c the region for hBN growth extends only 2 mm away
from the quartz edge. The hBN growth front is on the right side
of the image extending away from the boron source and the hBN
edge close to the quartz plate is abrupt with only rare hBN crys-
tals not attached to the main growth region. Characteristic trian-
gular hBN edges are also apparent in the vicinity of the quartz
support edge as detailed in Figure S1 (Supporting Information).
XPS conûrms the assignment of the hBN formation region ob-
served in the SEM image with the clear boron (≈190 eV) and ni-
trogen (≈398 eV) signals within hBN formation zone and the cor-
respondingly negligible signals outside (see Figure 1c,d).
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Figure 1. Growth of hBN from a boron piece and N2 on a Ni/SiO2 wafer. a) Photograph of the boron piece placed on the quartz support positioned on a
Ni/SiO2/Si wafer. b) Schematic of boron/nitrogen species concentration proûles. With the rate limiting step (catalyst + N2 ⇔ 2Ns) highlighted c) SEM
image of the hBN formation zone – darker contrast is hBN overlayer, bright regions on the left and right sides – bare catalyst. d) XPS spectra conûrm
the formation of hBN on the locations shown in (c).

2.1. Crucial Parameters Affecting the hBN Growth

With a basic growth process established, we can identify the
most crucial experimental parameters affecting the growth. First,
boron hydrides, BxHy, are known to be much more volatile than
elemental boron and so we assess whether they might play a role.
We ûnd that the width of the hBN deposition zone does not de-
pend on the hydrogen partial pressure, PH2, between 0.3% and
10%, as shown in Figure 2a. At very high pressures (50%) the
zone decreases due to reduction of the nitrogen partial pressure,
PN2, as conûrmed in Figure 2b. The simplest explanation for the
results would be that the formation of hydrides plays no role
here. Indeed, even with zero hydrogen partial pressure, boron
nitride is found on the catalyst surface by XPS almost with the
same deposition width as with hydrogen (Figure S2, Support-
ing Information). Yet onemust appreciate that supplyingminute
amounts of hydrogen in the experiments (typically 2.5%, un-
less speciûed otherwise) is needed to mitigate potential oxidation
from trace amounts of oxygen. The latter can also contribute to
the generation of volatile boron oxide species and thus facilitate
boron transport to the catalytic substrate. The vapor pressure of
pure boron, PB, at 1100 °C is small (Section 2, Supporting In-
formation) and we cannot unambiguously conclude that boron
is transported to the catalytic substrate in the form of elemen-
tal boron vapor, its hydride or oxide. In any case, the amount
of boron species in the gas phase is insigniûcant and, judg-
ing by the ûnite size of the hBN deposit, is consumed near the
precursor.

Second, the width of the hBN deposition zone depends al-
most linearly on PN2, as shown in Figure 2b, where dilution of
nitrogen by argon allowed maintaining the same atmospheric
pressure inside the reactor. Such a dependence suggests that
dissociative adsorption of molecular nitrogen on the catalyst
(catalyst + N2 ⇔ 2Ns) is the rate-liming step, like in the Haber-
Bosch process. Similarity to the process of industrial ammonia
synthesis is apparent since similar catalysts are used in both
processes.[29,30] The red point in Figure 2b corresponds to 50%
nitrogen dilution by hydrogen, instead of argon as in the rest
of the data (black points), but shows no apparent change in the
growth outcome. Obviously, at zero nitrogen pressure hBN does
not grow, however traces of boron can still be found on the cata-
lyst surface by XPS. Thus, one can conclude that dissociative ad-
sorption of molecular nitrogen on the catalyst is the rate-liming
step.
Third, the temperature dependence is in line with the exother-

mic nature of hBN formation, 1/2N2 + B ⇔ hBN + 254 kJ/mol,
resulting in larger yields at lower temperatures (Section 3, Sup-
porting Information). Indeed, lowering the synthesis tempera-
ture from 1100 to 1000 °C, and further down to 900 °C, corre-
spondingly widens the hBN formation zone from 5mm to 8 mm
and 13 mm, as shown in Figure 2c. Ammonia formation (3H2 +

N2 ⇒ 2NH3 + 91.8 kJ mol−1) is also exothermic and this wider
growth zone is consistent with the nitrogen activation being the
rate-limiting step. In addition to a broader deposition zone, low-
ering the synthesis temperature results in smaller hBN crystals
and an abundance of hBN crystals separated from the main hBN
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Figure 2. Dependence of hBN formation zone width on experimental parameters. a) Dependence on the hydrogen partial pressure (PH2) b) versus
nitrogen partial pressure (PN2), where nitrogen was diluted with argon, except red point where dilution was done by hydrogen (same 50% dilution point
is shown in (a)) c) versus synthesis temperature d) versus iron content in the catalytic substrate FeNi.

continuous deposition region that spreads over longer distance,
as detailed in Figure S4 (Supporting Information). This obvi-
ously makes the quality of the resultant hBN poorer, with smaller
monocrystalline domains and greater number of boundaries be-
tween them. Such boundaries are not onlymechanically weak but
also chemically inhomogeneous regions. Thus, despite the larger
coverage, deposition at lower temperatures is not desirable.
Fourth, we consider the effect of catalyst composition. Iron is

known to be a strong catalyst for nitrogen dissociative adsorp-
tion in the well-known Haber-Bosch process and we evaluate its
effect on the growth of hBN by adding different amounts of Fe
to the Ni catalyst. Adding iron to the nickel catalyst enhances the
ûlm growth area but also promotes multilayer hBN growth. Both
features are consistent with N2 activation being the rate-limiting
step. The hBN formation zone widens with increasing the iron
content in the catalyst up to 30%, but further increase results in
a reduction of hBN growth region (see Figure 2d) and triggers
nonuniform multilayer formation instead. This is likely due to
a greater nitrogen dissolution in nickel-iron alloys compared to
pure nickel.[31] The multilayer formation is likely similar to that
of graphene onNi, wheremultilayers are formed via precipitation
of carbon dissolved in the catalyst material during cooling. The
phase diagrams for nickel-boron[32] and iron-boron[33] are quite
complex, which makes the interpretation not as obvious as with

graphene, especially for FeNi alloys. Importantly, FeNi thin ûlms
have the same FCC (111) preferred orientation up to even 50%
FeNi composition (Figure S5, Supporting Information). For pure
iron ûlms the preferred orientation is close to (100) and has a
BCC crystal structure, which yields multilayer hBN ûlms under
the same growth conditions.
Atomic force microscopy (AFM) analysis in Figure 3a shows

that the thickness increases from 2.3 ± 1.0 nm for hBN ûlms
grown on 25 at% iron in nickel (25FeNi) to 8.2 ± 3.0 nm for
40FeNi. It suggests that even at 25% Fe hBN is formed in multi-
layers and higher Fe content not only triggers increase of the hBN
thickness, but also results in less uniform ûlms. STEM images
in Figure 3b show characteristic monolayer on pure nickel and
≈20 hBN layers on 40FeNi. Examples of the layer number analy-
sis are shown in Figure S6 (Supporting Information). The depth
proûles of boron and nitrogen obtained by Ar+ etching in XPS
also suggest thicker hBN ûlms on Fe-containing catalysts con-
ûrming AFM data (see Figure 3c; Figure S3, Supporting Infor-
mation). Additional characterization is shown in Section 4 (Sup-
porting Information).
The Raman spectrum of hBN lacks an established sensitive

metric for identifying defects, unlike in graphene, where the D/G
Raman peaks ratio is commonly used for that purpose.[34–36] For
hBN, many studies rely on the width of E2g 1365 cm

−1 Raman
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Figure 3. a) AFM image of hBN ûlms grown on 30 at% iron in nickel (30FeNi) ûlms and transferred onto SiO2 (left). Insert shows height proûles of hBN
grown on 25FeNi (red), 30FeNi (blue) and 40FeNi (black). hBN ûlms thickness histograms with the same color legend (right). b) STEM image of hBN
cross section (20 layers) grown on 40FeNi (top) and plane view monolayer hBN (bottom). Bright green spots are nitrogen, dim blue – boron atoms.
Insert shows intensity proûle along the line between two white arrows on the main image. c) Boron depth proûle by XPS for ûlms grown on catalyst with
different Fe content. Note stronger boron signal for higher Fe content. d) Raman spectrum showing 11.5 cm−1 FWHM line at 1365 cm−1 for a multilayer
hBN ûlm grown on pure iron foils (black) and 18 cm−1 FWHM line at 1372 cm−1 for monolayer hBN grown on thin Ni ûlm (red).

line as a quality metric.[13] The width and position of the E2g peak
depend on the number of hBN layers and thus a direct compar-
ison of a monolayer with thicker samples is not universally ap-
plicable. For example, thicker hBN ûlms grown on pure Fe have
a red-shifted E2g band compared to monolayer grown on Ni thin
ûlms (1365 vs. 1372.5 cm−1) and narrower width (FWHM 11.5
vs. 18 cm−1), as illustrated in Figure 3d.

2.2. Large Single-Crystal hBN

Most studies of CVD synthesis of hBN report its epitaxial growth
on (111) catalyst surfaces,[4,22,37–39] and a similar outcome is ob-
served here as well, but not always. An epitaxial growth regime
is observed for hBN samples grown on 500 nm thick Ni(111)
ûlms prepared on Al2O3 (0001).

[40] After 1 h growth at 1100 °C,
centimeter-sized samples were transferred on a SiO2/Si wafer for
further investigation.
The epitaxial growth can be veriûed by mapping the angular

dependence of the second harmonic generated (SHG) signal over
an hBN sample.[22] Figure 4a illustrates it for our hBN grown on
(111) Ni on sapphire. The SHG intensity, I2ÿ, is well ûtted with
the expected hBN single crystal dependence, I2ÿ∼cos2(3ϕ+ϕ0),
where ϕ is the laser polarization angle at the surface and ϕ0 is the

crystallographic orientation of the hBN sample.[41] An example of
the SHG intensity polar plot as a function of excitation polariza-
tion angle is shown by the black points (experimental data) with
a red ûtted line. Individual I2ÿ with 60-degree lobes observed on
the hBN sample at different locations illustrate the single-crystal
appearance at each point. Moreover, the same orientation angle
ϕ0 over the sample suggests that the hBN crystal extends over the
whole sample length.
SEM images in Figure 4b of an incompletely grown mono-

layer (shorter times) reveal large, ≈500 μm, hBN individual
crystals with trapezoidal shapes having identical orientation, in
line with the single-crystal sample appearance from the SHG
data. Similar truncated triangle-like hBN crystal shapes were
also recently observed for epitaxial growth on Ni(111) foils,
but they were much smaller.[22] More information on the ob-
served crystal shapes is given in Section 3 (Supporting Infor-
mation). When grown on polycrystalline Ni/SiO2/Si substrate,
hBN crystals are also not aligned but they can grow across the Ni
grain boundaries from one Ni domain to the neighboring ones
without recognizable shape change – see triangular crystals in
Figure S1 (Supporting Information). This suggests that nonepi-
taxial growth dictated by the hBN crystal edge can also occur, at
least for some synthesis conditions, which implies the possibil-
ity of realizing single crystal growth of hBN on polycrystalline
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Figure 4. Characterization of hBN grown on FeNi thin ûlms. a) Photograph of the hBN synthesized on Ni/sapphire and transferred onto SiO2/Si wafer
(left). Line proûle of hBN crystal orientation and SHG intensity polar plot as a function of excitation polarization angle. 600 lobes were obtained at
different sample location. b) SEM images of the hBN crystals on the Ni/sapphire catalyst. Identical crystal shapes and orientations are clearly seen
(left). Zoomed region onto crystal edge (right). c) Optical images of the hBN grown on 25FeNi and transferred onto SiO2/Si. d) Raman map intensity
of transferred hBN grown on 25FeNi (left). Histograms of the intensity (right). e) Characteristic spectra of hBN/SiO2/Si (red) and bare SiO2/Si (black).

substrate using the recently developed evolutionary selection
method.[42]

Optical microscope images and Raman mapping in
Figure 4c,d suggest good uniformity of the samples. A char-
acteristic Raman spectrum is shown in Figure 4e. Additional
E2g Raman intensity, FWHM and band position maps along
with their histograms are shown in Figure S10 (Supporting
Information). The histograms of the maps illustrate how narrow
all the distributions are: intensity – 441 ± 42 arb. un.; FWHM
– 17.8 ± 2.0 cm−1, and position 1372.5 ± 0.7 cm−1. These data
are obtained for samples grown on 25FeNi chosen to increase
the hBN ûlm thickness, as a very weak signal for a monolayer
hBN makes it impractical to map over a large area with high
resolution. Photoluminescence (PL) analysis of our samples
also supports their high-quality, indicating a very low density
of optically active defects on a monolayer hBN synthesized
from the B/N2 precursor pair, <3⋅10−4 μm−2. For comparison, a

monolayer hBN synthesized using ammonia borane on copper
substrate[23] has a much greater density of defects, ≈0.6 μm−2

(Section 5, Supporting Information).

2.3. Large Scale Synthesis on Industrial Alloys

Nickel and iron are major components of many industrial alloys
with extremely large-scale usage. Different means of protecting
them for more effective use have always been sought out. For
example, covering steel by a protective hBN layer can enhance
its performance in many applications, with recent work demon-
strating hBN growth on stainless steel under low pressures by
employing ammonia borane as precursor.[43] However, that pro-
cess would be challenging to implement on an industrially rel-
evant scale. In contrast, the cost-effective atmospheric pressure
technique presented here uses abundant and benign precursors
suitable for convenient industrial scale applications.
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Figure 5. hBN grown on industrial steels and alloys. a) Schematics of the synthesis geometry. The boron piece can be placed upstream or suspended
over the catalyst. b) Photograph of the 3″ boron plate suspended over the cupronickel catalyst by the quartz spaces (left). Photo of the hBN synthesized
on cupronickel and transferred onto 300 nm SiO2/Si wafer (right). c) Optical microscope image of hBN grown on stainless steel 304 (left). E2g Raman
intensity map of the same region shown (center). Raman map histogram for Stainless steel 304 (blue) and mild steel (red) are shown on the right.
d) Comparison of SEM images for hBN grown on cupronickel, where growth was stopped to visualize hBN crystal sizes (44NiCu, left), with stainless
steel 304 (center), and mild steel (right).

A typical experiment for covering large parts by hBN is shown
in Figure 5a. It sketches the arrangement in a CVD reactor, where
a boron source is placed upstream or suspended above the part.
In a cold wall reactor, placing the source of boron within a cm
range from the catalytic substrate ensures sufficient supply to
form hBN, as in the left photo in Figure 5b with a 3″ boron plate
suspended over a cupronickel (44NiCu) foil by quartz spacers. In
a hot wall geometry, sufficiently large boron pieces can also be
placed upstream without pronounced dependence of the growth
outcome on a distance from the catalyst. A photo of the synthe-
sized hBN transferred onto 300 nmSiO2/Si wafer is also given on
the right. Raman analysis for that sample is given in Figure S11
(Supporting Information).
An example of hBN grown on stainless steel 304 (SS) is given

in Figure 5c along with the Raman maps of the same region.
The histogram on the right compares them with the mild steel
(MS) substrates. FWHM and band position for E2g are detailed
in Figure S12 (Supporting Information). The differences indi-
cate the variation in hBN thicknesses. SS has thicker hBN regions

with narrower E2g bands, consistent with the samples grown on
thin FeNi thin ûlms. Samples onMS have smaller hBN thickness
for the same synthesis conditions: they have blue shifted E2g po-
sition compared to SS samples, lower E2g intensities, and larger
FWHM. Lower hBN thicknesses on MS are likely due to absence
of chromium in the carbon steels. Chromium is known to in-
crease nitrogen solubility, and it is often added in metal üuxes
for bulk hBN crystal synthesis.[44–46] Thick hBN samples synthe-
sized at 1550 °C using üuxes are reported to have an E2g band
FWHM ≈7.6 cm−1, smaller than the best regions of hBN we ob-
serve on SS (≈11 cm−1, Figure S12, Supporting Information).[11]

It is due to the thickness difference but may also suggest that the
process optimization for CVD can be further improved. Impor-
tantly, SHG on the samples grown on steels show well-deûned
six-lobe signal symmetry suggesting consistent BN layer stack-
ing throughout the whole thickness, as illustrated in Figure S12
(Supporting Information) but cannot rule out formation of rhom-
bohedral boron nitride (rBN) at least on some steel grains.[47]

Figure 5d shows SEM images of hBN grown on cupronickel
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 2
1

9
6

7
3

5
0

, 2
0

2
4

, 1
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/ad

m
i.2

0
2

3
0

0
7

0
4

 b
y

 V
an

d
erb

ilt U
n

iv
ersity

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
0

/0
6

/2
0

2
4

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



www.advancedsciencenews.com www.advmatinterfaces.de

Figure 6. Barrier/tribological properties assessment of hBN grown on industrial steels and alloys. a) Mass loss for as received stainless steel 304 (black)
and covered by hBN (red) and mass gain for oxidation in air at 850 °C (right). b) Mild steel (MS) and hBN/MS oxidation in air. c) Tafel plots for steels
and cupronickel with/without hBN overlayer in 3% NaCl and 10% HCl solutions. d) Photo of MS and hBN/MS plates and nails after 8 h exposure to
salt-fog. e) Photo of MS and hBN/MS after 3.5 h oxidation at 500 °C in air. f) Coefficient of friction for as received stainless steel 304 plate and the same
covered by hBN under different loadings – 60 gf (black) and 80 gf (red).

(44NiCu, left), stainless steel 304 (center), and mild steel (right).
On 44NiCu, the growth was terminated before the formation of a
complete hBNûlm in order to observe the hBN crystal size, which
exceeds 100 μm. Notable is the triangular shape of the hBN crys-
tal despite its extending over multiple metal grains, which sup-
ports a possibility of nonepitaxial growth regime similar to that
on Ni/SiO2/Si substrate (additional SEM images are shown in
Figure S18, Supporting Information). We observe hBN growth
on NiCu with 30%, 44%, and 70% of Ni (atomic %) but not for
20%or less. Importantly, hBNon cupronickel hasmostly amono-
layer appearance, while SS and MS show much thicker ûlms
with characteristic multilayer wrinkles and triangular-like mor-
phology supporting precursor dissolution into the substrate and,
thus, a precipitation-based growthmechanism, similar to that for
thin Fe-rich ûlms (Figures 2 and 3).
Unlike the cupronickels, shorter synthesis time on steels with

thickness exceeding 75 μm do not reveal well-deûned separated
hBN crystals but instead yield thinner hBN layers, still cover-
ing the whole substrate surface. Thinner, 25 μm thick stain-
less steel 304 foils and short synthesis times result in ≈50 μm
hBN separated crystals (Figure S13, Supporting Information).
Signiûcant dependence on the substrate thickness supports the
precipitation-like growthmechanism on steels. Furthermore, the
thickness of hBN on steels depends on other synthesis condi-
tions such as the boron source, gas üows, reactor geometry, cool-

ing rates, and temperature. Still, for 1 h synthesis, the hBN coat-
ing on MS of 0.75 – 3 mm thickness is typically ≈100 nm thick,
as suggested by AFM and optical reüectometry measurements
(Figure S7, Supporting Information). The thickness is greater
on SS, where it increases to at least ≈300 nm, as judged by the
3 times greater E2g intensity compared to MS, see Figure 5c.
Higher intensities for B andN (relative to Fe) are also observed by
EDX (Section 7, Supporting Information), supporting the assess-
ment of thicker hBN on SS compared toMS. Table 1 summarizes
the outcomes for hBN synthesis on different substrates.

2.3.1. Synthesis from B4C and B2O3

In addition to elemental boron, other solid boron sources for the
growth on steels can be considered. Critical safety and scalabil-
ity requirements for developing an industry-relevant process nar-
rows down the options. One such potential source, B2O3, has
appealing higher vapor pressure than elemental B. The growth
outcome on mild steel for B2O3 placed upstream is similar to
that with elemental boron, at least when used along with small
amounts of hydrogen, as in our typical case. The comparison
of B2O3 to B growth outcome is not universal. In the case of
stainless steel, usage of B2O3 results not only in hBN growth,
but also in chromium oxide formation (Figure S20, Supporting
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Table 1. Substrates used for hBN growth.

Substrate Substrate
Thickness

hBN domain size hBN thickness

FeNi thin ûlms on sapphire and

SiO2/Si
a)

500 nm Epitaxial growth on Ni/sapphire: cm-sized

single hBN crystal (Figure 4)

Depends on Fe content, monolayer for pure nickel, ≈20

layers for 40FeNi. Alloys with Fe at% > 40, results in

nonuniform ûlms.

NiCu foils.b) Growth starts with

Ni at% >20%.

30 μm and 75 μm Depends on the conditions. For regular

experiments, hBN grains exceed 100 μm

(Figure 5d)

Mostly monolayer with few-layer islands

Mild steelc) > 100 μm For mild and stainless steels, precipitation

growth mechanism.

Depends on conditions. For 1 h synthesis ≈100 nm

Stainless Steel 304 and 316c) > 100 μm For thin steel foils, hBN grains exceed 50 μm

(Figure S13, Supporting Information)

Depends on conditions. For 1 h synthesis ≈100–300 nm

a)
Homemade;

b)
30 μm was purchased from SCHLENK Metal Foils, 75 μm from Stanford materials;

c)
Purchased from McMaster-Carr.

Information). In that case, B2O3 can be replaced by B4C without
major differences compared to the elemental boron precursor.
Moreover, both elemental boron and boron carbide can be put
in contact with stainless steel during growth without noticeable
impact on the growth outcome. The latter suggests that boron
species transformation does not dictate the growth process out-
come and supports the nitrogen-activation being the rate limiting
step. Importantly, B4C is widely used for a well-established steel
boriding process[48] to improve wear resistance[49] and corrosion
prevention.[50,51] However, we do not observe boride formation
on the steel surface under our hBN growth conditions.

2.3.2. Protective and Tribological Properties

As was discussed above, hBN is not only a good dielectric but
its ûlm can also serve as a stable protective layer. Figure 6 sum-
marizes these features including protection from corrosion and
high-temperature oxidation, along with the tribological prop-
erties for hBN ûlms synthesized directly on steels. Figure 6a
demonstrates the corrosion protection properties as a reduction
of the mass losses in 10% HCl for SS protected by hBN ûlm in
comparison to plain stainless 304. The protection lasts for up to
10 days. Longer exposure triggers hBN delamination pointing to
the need for more stringent control in lowering the pinhole den-
sity and probably additional hBN/steel interface improvement.
The latter is likely dependent on the cooling rate. Rare pinholes
on such samples can be visualized by conductive AFM (Section 8,
Supporting Information). The pinholes can also be seen in the
topographic maps and show increased dc current as opposed to
the purely capacitive response on the well covered areas. Notably,
etching in FeCl3 solution does not reveal obvious pinholes in
SEM (Section 8, Supporting Information). Figure 6a also illus-
trates how the hBN overlayer protects stainless 304 against oxi-
dation in air at 850 °C for several hours. Protection of a mild steel
sample against oxidation is less effective, likely due to a lower
hBN thickness, as assessed from Raman spectra in Figure 5, and,
probably, because of greater pinhole densities. Nevertheless, the
improvement compared to unprotected MS is profound: the lat-
ter starts to gain mass at 500 °C after 30 min, while hBN pro-
tection shifts the stability range to 700 °C (compare Figure 6b,e).
Another reason for weaker hBN protection on the industrial MS

alloys is likely that they often contain impurities from the manu-
facturing process, such as Al2O3 and MgO particles, which may
contribute to the pinhole density increase (Figure S19, Support-
ing Information). Importantly, unlike for hBN-protected steel,
mass gain for plain carbon steel cannot be reliably measured for
T > 500 °C (Figure 6e) as it gets severely oxidized with a thick
scale that easily üakes off.
Anticorrosion protection is further illustrated by electrochem-

ical measurements. The Tafel plots for different samples in 3%
NaCl or 10%HCl solutions are shown in Figure 6c. The corrosion
current, Icorr, is reduced for all studied steel samples by at least
an order of magnitude after hBN protection. A slight cathodic
shift of the corrosion potential’s, Ecorr, for hBN protected samples
indicates lowering the concentration of oxidative species at the
surface and the salt-fog experiments conûrm signiûcant corro-
sion protective properties of the grown hBN. Notably, hBN can
be conformally grown on 3D objects such as steel nails and, as
illustrated in Figure 6d, their corrosion is visually suppressed by
hBN coating.
It is well-known that many 2D materials can reduce the fric-

tion coefficient, and some have been used as lubricants for
decades.[52] Different mechanisms have been proposed and all
relate to the unique 2D structure of hBN. hBN-covered stainless
steel has more than an order of magnitude lower coefficient of
friction (COF) compared to bare steel, see Figure 6f. Higher load-
ings during the tribological tests result in the COF increase, likely
due to partial punching through the hBN layer by the probe.

3. Conclusions

In summary, we demonstrate a facile and scalable approach for
the synthesis of hBN ûlms by atmospheric pressure CVD on top
of iron/nickel-containing metallic substrates using solid boron
sources (elemental boron, boron oxide, or boron carbide) and
molecular nitrogen. For the ûrst time, the hBN coating on stain-
less steel exhibits improved protection against harsh corrosion
over long time and against high-temperature oxidation in air, as
well as the lubricating effect comparable to that of Teüon. The
reaction mechanism responsible for the hBN growth was thor-
oughly investigated although the exact boron species transport-
ing through the gas phase could not be unambiguously identiûed
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for elemental boron or carbide feedstocks – boron hydrates or ox-
ide cannot be ruled out. Nitrogen dissociative adsorption on the
catalytic substrates was recognized as the rate-limiting step, sim-
ilar to that in the Haber-Bosch process. This rate-limiting step
that happens only at the substrate surface is a key to the pro-
cess control which allows high quality hBN growth to be scalable
and limited only by reactor dimensions. We point out that this
approach is not limited by the type of substrates since the most
industry-relevant metals (alloys, e.g., steels) are catalytic for this
reaction. The iron percentage in the substrate dictates the result-
ing number of hBN layers, as revealed by investigating various
substrates, including pure Ni and FeNi thin ûlms on sapphire
on which mono- and few-layer single-crystal hBN is formed, in
addition to large samples of industrial stainless, mild steels with
üat and complicated 3D shapes. The new growth method using
abundant and benign precursors should open newways for large-
scale industrial applications of hBN coating as a versatile pro-
tective layer for Ni and Fe-containing alloys, and it can also be
adapted to synthesize high-quality single-crystal hBN with con-
trolled layer counts for emerging electronic and photonic devices
based on 2D materials.

4. Experimental Section

hBN Growth from Elemental Boron and Molecular Nitrogen: The syn-
thesis was performed in both cold wall and hot wall systems with similar
outcomes.

Cold-Wall: The synthesis was performed in 4″ FirstNano EasyTube
system. The system was evacuated to 0.1 Torr and ûlled with the process
gas before the synthesis. Regular conditions for the growth were: 1100 °C,
1000 sccm total üow of N2 + Ar and 25 sccm of H2. Partial pressures of
N2, H2, and Ar were controlled by the gas üow ratios keeping atmospheric
pressure. Research grade gas purity was used for all experiments. Use of
other gases and temperatures were explicitly mentioned in the text. Heat-
ing to the targeted temperature was performed in ≈1 min, and the growth
was performed for 30 min – 1 h, after which the heating power was turned
off, and the sample cooled down to ≈200 °C in ≈5 min. The boron disk
was purchased from Kurt Lesker (3″diameter, 0.125″′ thick).

Hot-Wall: A regular Lindberg BlueM 3′′ system was used. The boron
piece was suspended over the substrate as in Figure 5a or placed up-
stream. During heating, 2000 sccm of Ar and 50 sccm of H2 were üowed
until a synthesis temperature is reached (≈25 min). Then, Ar was substi-
tuted for N2 and growth proceeded for the chosen time. After growth, the
furnace was opened (fast cool), or controllably cooled with ≈5 C min−1 to
800 °C (slow cool). Samples were cooled under the N2/H2 üows used for
the growth.

hBN Growth from Boron Oxide and Carbides: The growth was per-
formed only in a hot-wall geometry using a 3′′ quartz tube. Samples
were suspended over the boron source in an alumina boat or placed
downstream. Other growth conditions were similar to those used with
elemental boron source. Powders of B2O3 (Spectrum Chemical, B1135)
and B4C (Thermo Scientiûc 04 0504.18) were used as received. The pow-
ders were loaded into an alumina boat or homemade stainless steel
boat. B2O3 melted at ≈450 °C and under our typical growth conditions
(≈1000-1200 °C and 0.5–2 L min−1 of N2), B2O3 evaporation rates was
≈1.6 mg hr−1 cm−2.

Substrates Preparation: Thin Films: Ni thin ûlms were deposited on
1 μm SiO2/Si or 2′′ (0001) Al2O3 wafers by e-beam evaporation. Fe ûlms
were deposited by sputtering (3 mTorr Ar, 50 W). The thin ûlms were an-
nealed at 1100 °C for 30 min before hBN growth.

Foils: NiCu foils with≈30 μm thickness were purchased from SCHLENK
Metal Foils (30NiCu, 44NiCu, 70NiCu, and 100Ni, corresponding to 30%,
44%, 70%, and 100% Ni). NiCu foils with 10, 15, 20, and 30% Ni hav-

ing 75 μm thickness were purchased from Stanford Advanced Materials
(Irvine, CA). Iron foils were purchased from Alfa Aesar (0.1 mm thick) and
Stanford Materials, Irvine, CA (0.05 mm thick). Stainless steel and mild
steel foils, sheets and nails, and Inconel 625 sheets were purchased from
McMaster-Carr. The steel parts were cleaned with acetone, isopropanol,
rinsed in DI water, and dried with an air gun.

hBN Transfer: Thin films/NiCu foils: PMMA was spin-coated on a sam-
ple with grown hBN (495 A4 Microchem, 2000 rpm, 45 s) and baked for
2 min on a hot plate at 180 °C. The catalyst was dissolved using regular
Transene copper etchant and the released sample was thoroughly washed
in DI water baths before being transferred onto a ≈300 nm SiO2/Si wafer.
PMMA was subsequently removed by acetone.

Steels: hBN was thick enough to sustain the transfer process without a
PMMA supporting layer. Steel etching, hBN washing was identical to the
hBN grown on thin ûlms/NiCu, but omitting the PMMA casting step.

XRD: X-ray diffraction (XRD) measurements at Cu Kÿ wavelength
(1.5418 Å) were conducted in a 2q-qmode using a PANalytical X’Pert Pro
MPD equipped with an X’Celerator solid-state detector.

XPS: XPS was acquired using Thermo Scientiûc Model K-Alpha XPS
instrument. The spectra were obtained using micro-focused, monochro-
matic Al Kÿ X-rays (1486.6 eV) with 400 μm X-ray spot size. Details were
in Supporting Information.

Raman and Photoluminescence: The photoluminescence (PL) and Ra-
man maps were obtained by two different setups with similar outcomes.
The ûrst setup was based on the InVia Qontor (Renishaw) commercially
available system. The excitation with a 532 nm laser was delivered through
a 100x (NA = 0.85) or 20x (NA = 0.4) Leica lens, and the power on the
sample was 2.4 and 12.14 mW, respectively. The scattered signal was col-
lected by the same objective and passed through a set of ultra-narrow
Notch ûlters onto 1800 and 300 lines mm−1 gratings for Raman and
photoluminescence measurements, respectively. The mapping measure-
ments were conducted with 0.5 μm steps size (Figure 4d) and 1 μm
(Figure 5c).

The second setup was a custom-built micro-PL system. The PL was ex-
cited with a 532 nm laser (Excelsior, Spectra Physics, 100 mW) through
an upright microscope using a 100x-objective (NA = 0.9). The PL light
was analyzed by a spectrometer (Spectra Pro 2300i, Acton, f = 0.3 m)
that was coupled to the microscope and equipped with 150, 600, and
1800 lines mm−1 gratings and a CCD camera (Pixis 256BR, Princeton
Instruments). The mapping measurements were conducted with 0.2 μm
steps size (Supporting Information).

Second Harmonic Generation: Second harmonic generation (SHG)
measurements were conducted using a 40 fs Ti:Sapphire laser (Micra, Co-
herent) at 800 nm and 80MHz repetition rate. The laser beam was passed
through a half-wave plate mounted in a rotation stage and was directed
into an upright microscope (Olympus) and focused onto a sample surface
using a 100 x microscope objective (Numerical Aperture: NA = 0.9) to a
≈1.5 μm spot. The laser energy at the sample surface was ≈1 mW. The
SHG light was collected in backscattering conûguration using the same
objective and was directed into a monochromator (Spectra Pro 2300i, Ac-
ton, f = 0.3 m) that was coupled to the microscope and equipped with
a 150 grooves mm−1 grating and a CCD camera (Pixis 256BR, Princeton
Instruments). Before entering the monochromator, the SHG light passed
through a short-pass cut-off ûlter (650 nm) to ûlter out the fundamental ex-
citation light at 800 nm and a polarizer to select SHG polarization colinear
or cross relative to the polarization of the excitation light.

Atomic Force Microscopy: Atomic force microscopy (AFM) was per-
formed on two instruments with similar outcomes. Cypher AFM (Asy-
lum research and Oxford Instruments) using AC mode with a com-
mercially available Multi75E-G (BudgetSensors) made of silicon, with a
Chromium/Platinum conductive coating, a nominal spring constant of
3 N m−1 and a resonance frequency of 75 kHz. Bruker Dimension Icon
AFM in the tapping mode with an Si probe (TESPA-V2, 7 nm tip radius,
37 N m−1 spring constant.)

Coefficient of Friction: The UMT Tribolab (Bruker) was used to obtain
the coefficient of friction data. The load block used in this test was DFM-
2.0 with a brale tip indenter. Scanning speed was 0.1 mm s−1 with either
60 or 80 gf applied force.
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Corrosion: Corrosion data was obtained using Biologic SP-300 poten-
tiostat and a basic BMM EC cell from Redoxme AB with 0.2 cm2 active
area. Mass gain/reduction was obtained using regular balance after soak-
ing in the solution of interest or heating up in the tube furnace under the
air for different periods of time. Samples sizes for the latter were at least
5 cm2.

Salt-Fog: Salt fog experiments were performed in an Auto Technol-
ogy salt fog corrosion chamber according to ASTM standard B117-19. The
fog consisted of a 5% NaCl solution that was sprayed at a temperature of
35 °C.

STEM: Atomic resolution high-angle annular dark ûeld (HAADF)
scanning transmission electronmicroscope (STEM) images of single layer
hBN were acquired using a Nion UltraSTEM 200 operated with an accel-
erating voltage of 80 kV. The sample was heated in situ to 1200 °C to clean
off surface contaminants[53] and then imaged at room temperature.
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