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A blanket of hexagonal boron nitride (h-BN) was grown on rhodium black by atmospheric
pressure chemical vapor deposition. During methane oxidation at 650 °C the as-synthesized

material showed steady syngas production shortly after oxygen interruption, whereas the
activity of uncovered rhodium black degraded. The improved activity of the catalyst was
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attributed to the boron nitride coating, which serves to stabilize rhodium metal and avoid

particle agglomeration by carbon deposition. These results present a compelling technique

for metal catalyst modification with boron nitride in cases where coking is a problem.

Introduction

Boron nitride is a chemical compound with the chemical formula
BN, consisting of equal numbers of boron and nitrogen atoms. BN is
isoelectronic with carbon in cubic and hexagonal forms,
corresponding to the organization of carbon in diamond and graphite
structures, respectively. Analogous to graphite, hexagonal boron
nitride (h-BN) displays a layered honeycomb structure comprising
alternating boron and nitrogen atoms connected by strong covalent
bonds. The strong sp? hybridized B-N covalent bonds within h-BN
impart high mechanical strength and good chemical stability.'?
Significantly, a number of property changes are brought about by the
distinctive elemental composition of h-BN, including a large band
gap (> 5 eV) and enhanced oxidative resistance.’ In comparison with
graphite, these points of difference make nanostructured h-BN very
attractive for application in electronics and may have wider
implications in catalysis conducted at high temperatures and under
harsh chemical conditions.

Boron nitride has garnered notice in the field of heterogeneous
catalysis over the past decade because of excellent thermal and
chemical stability.*® Boron nitride supported platinum is an
effective catalyst for destruction of volatile organic compounds
(VOC) for 80 h with a low light-off temperature (i.e. temperature for
50% conversion). By contrast, platinum supported on alumina
deactivates under the same conditions.’ Additionally, a BN
supported barium/ ruthenium catalyst exhibited significant activity
and stability during ammonia synthesis at 100 bar and 550 °C over
3500 h.'"® These studies demonstrate promising activity when using
BN in a catalyst and show the potential of BN as a support. Interest
of incorporating BN in heterogeneous catalysis is growing '"'? ; this
ultimately will increase the need for simple ways of synthesizing
novel BN catalysts for future applications.

Synthesis of h-BN on transition metals has become important as
BN demonstrates potential as a template for nano-device
fabrication'>'* and for immobilization of molecules.'*'® One and
few layers of h-BN are successfully obtained in ultrahigh vacuum on
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single crystals by chemical vapor deposition (CVD). Decomposition
of precursor molecules, such as borazine (B;N;Hg), on a hot metallic
surface in CVD leads to spontaneous formation of a regular
hexagonal monolayer. These attempts are followed by
atmospheric pressure chemical vapor deposition (APCVD) on
polycrystalline metals for controllable multi-layer growth.lg’19 While
two-dimensional planar substrates are widely adopted in these
studies, no information pertaining to substrates of irregular shapes is
reported. Early investigations on powdered substrate focus on
transition metal oxides, such as magnesium oxides 2 silver oxides
2 jron oxides (a-Fe,05) **%, and aluminum oxides 2*. None of these
materials are used as catalysts.

Oxidation of methane to synthesis gas is of continuing interest
for conversion of natural gas into hydrogen and valuable
chemicals.*>® While noble metals such as platinum and rhodium
present excellent catalytic properties, metal agglomeration and
carbon deposition cause partially irreversible deactivation. Herein
we demonstrate a method for synthesis of h-BN on polycrystalline
rhodium black by APCVD and subsequent application of these
materials in methane oxidation. This facile and rational method uses
rhodium black as a model for post-synthetic treatment,
circumventing agglomeration and particle growth usually associated
with deactivation of nano-sized metal catalysts. The use of BN to
actively promote and stabilize metal catalysts, rather than as a mere
passive support, remains unexplored. In this study, the synthesis,
catalytic activity, and factors affecting the reaction activity of BN-
rhodium metal catalyst are presented. Our results reveal scope for
improvement of heterogeneous catalyst performance and stability
using BN coated metals - findings which will ultimately contribute
to development of a new generation of stable, highly active, and
selective catalysts.

Experimental Section

Synthesis of Boron Nitride on Rhodium
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Figure 1 illustrates the experimental setup for synthesis of boron
nitride. Boron nitride was grown on rhodium black (American
element) by CVD using borazine as a precursor. Borazine was
obtained according to literature **° from ammonium sulfate and
sodium borohydride in tetraglyme at 120-140 °C. Prior to CVD, two
grams of rhodium particles capped with quartz wool were placed in a
quartz tube and heated under a flow of helium to 800 °C. The CVD
was then conducted at 800 °C under ambient pressure by switching
the gas flow from the bypass position to the saturator, thus allowing
borazine to decompose on hot rhodium. The decomposition of
borazine occurred via dehydrogenation, which was monitored by
hydrogen production and borazine concentration in an effluent
stream by an on-line mass spectrometer (MS; GSD 300 O,, Pfeiffer
Vacuum OmniStar). The MS inlet allowed a portion of the
atmospheric pressure effluent to enter an ionization chamber at
approximately 0.7 mbar. The mass/electron ratios (m/e) were
selected for H, (2), He (4), boron (11), N, (28), and borazine (80).
After CVD, the gas flow was switched back to bypass, followed by
annealing of the borazine-deposited material at 950 °C for 1 h.
Thereafter, the sample was cooled down to room temperature and
ground to a fine powder for subsequent characterization and
reaction.

Vent ¢ —= ._(\L\'“l:l/‘lil"‘\ B

Borazine ) B

BN.H,—*—(BN),H, +H,, ., — BN +nH,

Borazine

Time

Fig. 1 APCVD set-up for boron nitride synthesis on rhodium black
Methane Oxidation Reaction

Methane oxidation and temperature-programmed oxidation were
investigated using a CATLAB system (Hiden Analytical) equipped
with a plug-flow reactor and an integrated mass spectrometer.
Rhodium black or the as-synthesized BN-Rh about 50 mg was
loaded into a quartz tube in CATLAB and heated to reaction
temperature with a mixture of methane and oxygen (mole ratio:
CH4/O, = 2) in a helium stream. Specific flow rates are denoted in
figure captions in results section. Composition of the reaction
effluents was continuously monitored by mass spectrometry.
Conversion of methane (based on methane concentration) and
selectivity of products are calculated by calibrated MS intensity of
gas species, i.e. partial pressure. The mass/ electron ratios (m/e) in
MS were selected for H, (2), He (4), CH,4 (15), H,O (18), CO (28),
0, (32), and CO, (44). The intensity for H, (2) and CO (28) were
calibrated by further subtracting their contributions from the CH,
and CO; signals, respectively.

Characterization of As-Synthesized Material

The morphology of the as-synthesized BN-Rh material was
characterized by scanning electron microscope (SEM; ZEISS Ultra
55) and transmission electron microscope (TEM; Hitachi). Elemental
composition was determined by an energy-dispersive X-ray
spectrometer (EDX) and X-ray photoelectron spectroscopy (XPS).
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X-ray photoelectron spectroscopy (XPS) was conducted using a VG
ESCALAB 220iXL spectrometer (Thermo Fisher Scientific) with a
focused Al Ko mono-source (spot size: 500 um, power: 150 Watt)
and a magnetic lens system.

Results

Figure 2 presents MS profiles monitoring elution of precursors
and resultant gas products during the synthesis of boron nitride. The
MS profiles of effluent gas species reveal a peak in hydrogen
production proceeded by borazine while borazine concentration
oscillates, after gas switching from bypass to a borazine saturator.
Both hydrogen and borazine concentration reached steady state in a
short period. Repeating the gas-switch step confirmed that the
concentration of eluting hydrogen and borazine is stable. Annealing
to higher temperature (i.e. from 800 to 950 °C) caused further
dehydrogenation and generation of boron nitride. Electron
micrographs in Figure 3 display the morphology of the as-
synthesized boron nitride layer on rhodium. SEM (Fig. 3a) clearly
indicates formation of a coating on top of pristine rhodium black
after CVD. The thickness of the coating approaches 50 nm in TEM
micrographs (Fig. 3b). Magnification at a scale of 5 nm indicates
that the coating consists of multiple layers separated by
approximately 0.35 nm, corresponding to hexagonal boron nitride
(h-BN).
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Fig. 2 (a) MS profiles of effluent species and (b) repeated steps
during CVD of borazine on rhodium black at 800 °C

The elemental composition of boron nitride coated rhodium was
further characterized by energy dispersive X-ray spectroscopy
(EDX) in Figure 4. EDX identifies rhodium and an additional
nitrogen component on the as-synthesized material, while boron
could not be detected because of experimental limitations. X-ray
photoelectron spectroscopy (XPS) confirmed presence of both boron
and nitrogen on the as-synthesized sample (Fig. 4b). As a result of
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boron-nitride shielding, the rhodium signal on the synthesized
catalyst presents a suppressed XPS intensity.

(@)
200 nm

200 nm

(b)

Fig. 3 Electron micrographs of boron nitride coating on rhodium, (a)
SEM images of rhodium particles before (left) and after (right)
CVD; (b) TEM image displaying layer thickness and morphologies
of boron nitride in the magnified inset
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Fig. 4 (a) EDX spectra of rhodium black before (left) and after
(right) CVD; (b) XPS spectra on these two samples (XPS intensity
multiplied by two in BN-Rh)

Figure 5 shows that the boron nitride coated rhodium catalyst
enhances syngas production in methane oxidation after interrupting
oxygen for 30 min. Prior to the interruption, the catalyst displayed
almost no activity at 650 °C. Cessation of the oxygen flow induced
production of hydrogen and carbon monoxide, trending downward
over time. Resuming the oxygen flow caused a drastic increase of
syngas production, which proceeded in a stable fashion for days.
Non-boron nitride coated rhodium black show no such enhancement

This journal is © The Royal Society of Chemistry 2012
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and the activity decreased due to agglomeration of metal particles
(Figure 6). The conversion and product selectivity on methane
oxidation for both catalysts is shown on Table 1 for comparison.
Examination of the boron nitride coated rhodium by TEM after the
reaction indicates peeling of the boron-nitride layer away from the
rhodium surface, leaving the metal partially exposed. TEM (Figure
7) identifies a distinct phase entirely different from the original
boron nitride on rhodium. In contrast to the freshly prepared lax
structure of boron nitride, the new phase adheres well to the
substrate and exhibits dense packing of multi-layers with inter-layer
distances of about 3.5 A. Oxidation seems to remove this new phase,
which is a carbon-containing species adsorbed on the spent catalyst
according to temperature-programmed oxidation experiments (TPO)
(Figure 8).
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Fig. 5 (a) MS profiles of gas species eluting during methane
oxidation over boron nitride coated rhodium at 650 °C, after (b) 20-
45 min, and (c) 120-600 min; 5% CH4/He (80 sccm) and O, (2 sccm)
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Fig. 6 (a) MS profiles of Rh black degradation during methane
oxidation, and SEM images of rhodium metal particles before (b)
and after (c) the reaction; CH,4 flow rate 80 sccm (5% methane in
helium) and pure O, 2 sccm at 650 °C
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Tab. 1 Conversion and selectivity of Rh and BN-Rh catalysts on
methane oxidation

Conversion / % Selectivity/ %
CH, 0 H. H.O CO CO: total

T/°C

450 336 96.1 141 500 50 309
Rh 550 338 976 278 382 88 252

100.0
100.0

650 50.7 982 50.4 18.3 18.4 12.9 100.0
450 0 0 - -- - - -
55 24 22 4.

BN-Rh 550 34 45 244 422 14.9 18.5 100.0
650 6.8 12.5 103 537 8.0 28.0 100.0
650* 785 979 60.6 7.2 25.0 72 100.0

*: Valued obtained after interruption of oxygen flow
Note: Conversion of methane and oxygen is based on [(C,-C )/ C
with~ 60 mg catalyst. The error % is ~ +5%

] x 100%

(a) (b)
100 nm

Fig. 7 SEM images of as-synthesized boron nitride coated rhodium
before (top) and after (bottom) methane oxidation; (b) TEM images
of a distinct phase appearing after methane oxidation
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Fig. 8 (a)Temperature-programmed oxidation of spent BN-Rh after
methane oxidation (note: 2™ TPO was repeated after first one on the
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same sample), and (b) X-ray diffraction pattern of spent BN-Rh and
the resultant sample after TPO

Discussion
Synthesis of Boron Nitride on Rhodium

A thin layer of hexagonal boron nitride is deposited on rhodium
black using an APCVD technique involving decomposition of
borazine. Evolution of hydrogen and oscillation of borazine
concentration in Fig. 2 indicate that decomposition of borazine is
taking place on rhodium surface via dehydrogenation:

H¢B3N; — (BN)H, + Hy(3.2) — BN + yH,

When borazine decomposes, its concentration decreases with
downward MS intensity. As BN forms and covers active sites, the
rate of decomposition slows down, therefore MS intensity of
borazine increasing again and giving rise to oscillating pattern.
Boron nitride forms a single nano-mesh layer on Rh, Ni, Ru, and Pt
single crystals.'”"® A second layer grows very slowly and requires a
much higher amount of precursor. *' The type of multi-layer growth
observed in this study is also reported on polycrystalline transition
metal foils or films prepared by APCVD at lower temperatures. The
apparent difference in mechanism and kinetics of layer growth
appears to arise due to variations in the type of material or the
pressure/ temperature parameters used. In accordance with previous
studies, the polycrystalline nature and ambient pressure CVD
conditions described in the current system favor multilayer growth.
17719 In addition to this interesting layer thickness phenomenon, we
also observe that rhodium is not enclosed by boron nitride but
instead presents a partially exposed surface. Loose bonding of boron
nitride and metal could be attributed to a lattice mismatch between
the two entities. Strong lattice mismatch of hexagonal boron nitride
on Rh (111) has been demonstrated with a single boron nitride layer,
which favored bonding interactions in only some areas of the (13 x
13) unit cell, while in other areas interactions were repelled by the
surface due to strong cohesive forces within the layer. ** Multiple
layers of boron nitride are known to maintain loose bonding between
the metal surface and boron nitride. The lattice mismatch between
boron nitride and transition metal is much smaller for Ni (111),*
which is consistent with our studies on nickel metallic powder where
boron nitride is well adhered.

Catalysis of Boron Nitride Covered Rhodium

During methane oxidation, the boron-nitride coated rhodium shows
enhanced and stable syngas production at 650 °C only after
interruption of the oxygen flow. The activity of the catalyst remains
low prior to oxygen cessation. SEM images suggest that bare metal
becomes exposed after methane flushing. The BN itself is inert in
catalytic reactions while the corrugate structure of BN blanket on
rhodium is not. The peeling of BN layer could be resulted from
loosely bonded multilayer structure and incomplete enclosure due to
lattice mismatch between BN and metal substrate. The uncovered
rhodium thus serves as an active site for methane dissociation while
the remaining boron nitride prevents metal sintering. On the other
hand, TEM images reveal that a graphite-like structure forms after
the reaction in proximity to boron nitride, possibly due to methane
pyrolysis. The presence of carbon is further evidenced by
temperature-programmed oxidation of the spent catalyst, which
expelled carbon dioxide as a major product at 450 °C and above 800
°C (Fig. 8). Evolution of carbon dioxide at different temperatures
infers that carbon exists in different forms with varying bonding

This journal is © The Royal Society of Chemistry 2012
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strength on the surface. After the TPO studies, rhodium is partially
oxidized to rhodium oxide and no graphite structure is observed.
This carbon layer does not prevent the catalytic reaction from
occurring.

A mechanism for enhanced syngas production on the boron
nitride coated rhodium is proposed in Figure 9. Upon interruption of
oxygen flow at elevated temperature surface oxides on the exposed
metal convert to reduced active sites **°, thus allowing methane
dissociation to C,y and H,q (adsorbed species). The adsorbed
hydrogen (H,q) combines and desorbs as H,. The adsorbed carbon
(C,q) forms graphite and eventually spalls up the boron nitride (i-ii).
As methane dissociates carbon accumulates and occupies the active
dissociation of methane and decreasing H, production. H,
production increases once again when an oxygen flow is resumed.
Oxygen refreshes active sites by oxidatively removing carbon, thus
regenerating a reduced surface from which methane may readily
dissociate to produce syngas.

(i) (i) Hydrogen (iii)

(Rn)) “Rhj {Rh)
N, Rh_{ S H,
& (Rh) = Rh)) - 4
(RE ‘
) (' (7
~ &RhiliSeeg e

(ii-a) (ii-b)
4T )
BN \

)
70~ RHO;

Fig. 9 Proposed mechanism for syngas production on boron nitride
covered rhodium, i) inactive boron-nitride site or surface oxide for
production of carbon dioxide and water, ii) reduction of surface
oxides in the absence of oxygen (ii-a) and spalling-up of boron
nitride due to carbon formation (ii-b; beginning of iii with a resumed
oxygen flow) , and iii) enhanced syngas production on exposed
rhodium sites stabilized by residual boron nitride
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Fig. 10 MS profiles of gas species formed during methane oxidation
on boron doped rhodium black (50mg) at 650 °C in 5% CH,/ He 80
sccem and O, 2 sccm
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We ascribe the stable operation of our BN-rhodium metal
catalyst to the avoidance of particle agglomeration and loss of active
sites from carbon deposition. The effect of BN on improved stability
and catalytic performance was regarded as “structural promotion”.
BN serves as a barrier layer to prevent coking and stabilize metal.
This barrier-stabilizing concept has received significant attention
recently, such as coating or encapsulation of noble metal with an
oxide layer of alumina 3% and silica V. In terms of boron or nitride,
none has been reported yet. On the other hand, Xu et. al.*® report that
1 wt.% boron effectively promotes nickel catalysts in methane steam
reforming and prevents coking. Successful promotion is attributed to
occupation of step and sub-surface octahedral sites by boron, thus
preventing carbon from diffusion into the bulk metal. In the boron
nitride covered rhodium nanoparticles, occupation of sub-surface
sites by boron nitride seems unlikely due to the large molecular size
of this structure; blocking on step sites is more plausible. If this is
the case, partial covering of rhodium with boron nitride is probably
sufficient to accomplish catalytic promotion, whereas complete
enclosure of boron nitride on rhodium is unnecessary. To clarify the
role of boron versus boron nitride in catalytic promotion we prepared
a 2 wt. % boron doped rhodium material for application in methane
oxidation. Addition of boron kills the activity of rhodium and no
syngas production was observed (Figure 10). A similar catalytic
inactivity is witnessed in the case of a benzene-pyrolyzed rhodium
and material derived from unsuccessful boron-nitride synthesis on
rhodium (boron species appear on the surface). Since both boron and
carbon are predisposed towards adsorption on rhodium we may
deduce that catalytic activity is probably lost as a result of blocking
of the active sites.

Conclusions

A blanket of boron nitride can be grown on rhodium black by
an APCVD technique. Unlike uncovered rhodium, the boron-
nitride coated rhodium consistently catalyzed syngas
production by methane oxidation after interruption of oxygen
gas flow. We have determined that coating of metal particles
with a non-continuous layer of boron nitride prevents loss of
active site from coking and promotes stable catalyst operation.
Our novel BN-rhodium catalyst expands on the existing
potential of transition metal catalysts by using boron nitride to
subtly modify the characteristics and behavior of the metal
surface. The techniques reported herein may find applicability
in other catalytic applications.
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(1) (ii) Hydrogen (ii)

0P 612+ N

Carbon Dioxide and Water
(ii-a) (ii-b)

P A blanket of boron nitride grown by CVD stablizes Rhodium black for syngas production in
methane oxidation and avoid agglomeration of metal particle by carbon deposition.



