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Single-Phase Formation of Rh2O3 Nanoparticles on h-BN Support for
Highly Controlled Methane Partial Oxidation to Syngas
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Jongbaek Sung, Ji Soo Kim, Hyunjoo Lee, Jungwon Park,* and Jongheop Yi*
Abstract: Single-phase formation of active metal oxides on
supports has been vigorously pursued in many catalytic
applications to suppress undesired reactions and to determine
direct structure-property relationships. However, this is difficult to achieve in nanoscale range because the effect of nonuniform metal-support interfaces becomes dominant in the
overall catalyst growth, leading to the nucleation of various
metastable oxides. Herein, we develop a supported singlephase corundum-Rh2O3(I) nanocatalyst by utilizing controlled
interaction between metal oxide and h-BN support. Atomicresolution electron microscopy and first-principle calculation
reveal that single-phase formation occurs via uniform and
preferential attachment of Rh2O3(I) (110) seed planes on welldefined h-BN surface after decomposition of rhodium precursor. By utilizing the Rh/h-BN catalyst in methane partial
oxidation, syngas is successfully produced solely following the
direct route with keeping a H2/CO ratio of 2, which makes it
ideal for most downstream chemical processes.

Introduction
Supported rhodium oxide nanocatalysts have been extensively utilized in various prominent reactions, especially in
methane partial oxidation.[1] Impregnation and subsequent
calcination procedures are the simplest and most widespread
methods for synthesis of the supported catalysts, and metal
oxide crystallites smaller than 10 nm are usually desired.[2]
However, small nanoparticles exhibit a large surface-tovolume ratio, giving that inhomogeneous metal-support
interfaces govern the overall nanoparticle growth during
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ture,[4] surface dangling bonds,[5] and intrinsic oxygen vacancies[6] on most oxide supports induce locally different
energetic pathways, resulting in the formation of various
rhodium oxide phases such as atomically dispersed RhOx,
disordered RhxOy species, as well as corundum-Rh2O3(I)
species, which is a thermodynamically stable phase below
1350 8C.[7] Such multiple active phases lead to the involvement
of unwanted reactions in various catalytic applications,[8]
making it difficult to identify the relationship between the
structure and catalytic performance.
Colloidal synthesis using organic ligands and deposition
methods is usually chosen to achieve uniformity of active
metal species. However, it is difficult to completely remove
the organic capping layers of the colloid nanoparticles by
calcination, even at high temperatures (800 8C for 12 h),[9] and
the well-defined nanostructures can be easily restructured
during the ligand stripping process.[10] In addition, the growth
of metal nanoparticles can be uniformly controlled in the
nanospace of mesoporous materials.[11] Although their size
can be controlled by adjusting the pore diameter, the
inhomogeneous gas environment along the channel in the
mesoporous materials results in the formation of various
phases of the synthesized metal oxide.[12] Therefore, the key to
achieving homogeneity of active metal-oxide species on
supports for highly controlled reactions is to develop a fundamental synthetic strategy to ensure homogeneous metalsupport interactions.
Inspired by the atomically isotropic surface properties of
two-dimensional (2D) materials such as graphite and MoS2,[13]
2D materials are potentially effective substrates for the
synthesis of catalysts with homogeneously controlled active
phases. However, these materials are unstable under hightemperature oxidative conditions,[14] and weak metal-2D
support interaction leads to rapid particle agglomeration
under harsh reaction conditions.[15] Hexagonal boron nitride
(h-BN), which has a crystal structure similar to that of
graphite, exhibits excellent chemical stability and thermal
conductivity;[16] therefore, it has been recently utilized as
a support for high-temperature oxidative reactions.[17] Importantly, monolayer h-BN sheets can be grown on various
transition metal surfaces including a Rh (111) surface by
forming a corrugated structure with a periodicity of  3 nm.
This structure is called nanomesh[18] and is formed because of
the strong Rh-N interaction that accommodates their lattice
mismatch.[19] This system motivated us to utilize h-BN as
a potential support to inversely control the growth of rhodium
oxide nanoparticles.
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Herein, we develop a single-phase corundum-Rh2O3(I)
nanocatalyst by exploiting the distinctive interaction between
h-BN and rhodium oxide. A combination of atomic-resolution transmission electron microscopy (TEM) and firstprinciple calculations confirmed that the (110) seed plane of
corundum-Rh2O3(I) is preferentially attached to the h-BN
surface after decomposition of the rhodium nitrate precursor
during calcination. The as-prepared h-BN supported singlephase Rh2O3(I) nanocatalyst was applied to catalytic methane
partial oxidation (MPO; CH4 + 0.5 O2 $ CO + 2 H2), a promising reaction for efficient methane transformation.[20] It is
known that rhodium oxide catalysts are highly active in MPO,
but their structural heterogeneity can lead to complex
reaction mechanisms such as the desired direct route,[21]
where CO and H2 are the primary products, and the undesired
indirect route,[22] where total methane oxidation produces
CO2 and H2O, followed by steam- or dry-reforming with the
remaining methane. By utilizing the Rh/h-BN catalyst, we
achieved a highly controlled MPO process that produces
syngas solely from the direct route with sustaining its superior
catalytic activity. Moreover, we achieved high CO selectivity
(  90 %) with significantly reduced coke deposition in the
isothermal methane reaction from chemical-looping MPO,
which involves a redox reaction that uses the lattice oxygen of
metal oxide for syngas generation. The highly controlled
MPO from the single-phase rhodium oxide nanocatalyst
contributes to the production of syngas with maintaining the
H2/CO ratio of 2, which is immediately suitable for most
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downstream chemical processes such as methanol and
Fischer–Tropsch syntheses.

Results and Discussion
Characterization of supported rhodium oxide nanocatalysts
Rhodium oxide supported on h-BN catalysts (Rh/h-BN)
was synthesized via a simple impregnation method using
rhodium nitrate as a precursor followed by calcination at
600 8C for 5 h. For comparison, rhodium oxide catalysts on
different supports with various specific surface areas (Rh/
SiO2, Rh/g-Al2O3, Rh/Si3N4, Rh/ZrO2, and Rh/TiO2) were
prepared using the same method (Table S1). No sharp peaks
originating from bulk Rh2O3 species were observed and small
rhodium oxide nanoparticles (most of them are below 5 nm in
diameter) were formed on these supports, as shown in the
XRD patterns and TEM images (Figure S1 and Figure S2).
Hydrogen temperature-programed reduction (H2-TPR) experiments were performed at 50–700 8C to investigate the
reducibility of rhodium oxide species on the supports (Figure 1 a). The H2-TPR profile of Rh/h-BN has a single
symmetric peak centered at 146 8C, which is attributed to
the reduction of Rh2O3 species located on the surface of the
sample.[23] In contrast, H2-TPR patterns of rhodium oxide
catalysts on other supports have at least two peaks arising
from disordered or dispersed rhodium oxide species, with

Figure 1. Ex situ characterization of supported rhodium oxide catalysts. a) H2-TPR profiles and b) XPS Rh 3d spectra of Rh/h-BN, Rh/g-Al2O3, Rh/
SiO2, Rh/Si3N4, Rh/ZrO2, and Rh/TiO2 calcined at 600 8C. c),d) TEM images of Rh/h-BN calcined at 600 8C; the size distribution (inset) is based
on over 300 observed rhodium oxide nanoparticles. e) Cs-TEM cross-section image of a focused-ion-beam-processed specimen containing Rh/hBN with a h-BN [002] zone axis. The region assigned to h-BN is indicated by overlaid pale-yellow-color. f) Top-view Cs-TEM image of Rh/h-BN; the
red and yellow dashed circles indicate the Rh2O3 nanoparticles and g) the selected-area FFT pattern.
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a low-temperature reduction peak located below 100 8C.[24]
Moreover, the O/Rh ratio was obtained by quantifying the H2
consumption, and the portion of easily reducible rhodium
oxide species in the total rhodium species was calculated by
deconvolution of the H2-TPR profiles (Figure S3 and Table S2). Among the various supported catalysts, only Rh/hBN shows an O/Rh ratio near 1.5, which corresponds to the
stoichiometry of the Rh2O3 species. This indicates that a single
RhO bond in the Rh2O3 species exists in Rh/h-BN after
calcination at 600 8C, whereas various types of RhO bonds
are formed on other supported catalysts. Notably, the singlephase formation of Rh2O3 species was also observed in Rh/hBN catalysts with different weight percentages of rhodium
(Figure S4 and Figure S5).
This single-phase characteristic of rhodium oxide species
on Rh/h-BN can also be verified by the oxidation states of Rh
in the supported catalysts, as measured by X-ray photoelectron spectroscopy (XPS). The XPS spectrum of Rh/h-BN
shows higher binding energies of 314.5 eV (Rh3+ 3d3/2) and
309.7 eV (Rh3+ 3d5/2) with lowest full-width-at-half-maximum
(FWHM) values of 2.02 and 1.4, respectively, as compared to
other supported rhodium oxide catalysts, as shown in the XPS
spectra and fitting results (Figure 1 b). This indicates that
there is a single fully oxidized Rh3+ states from Rh2O3 species
in Rh/h-BN. The lower binding energies of around 313 and
308 eV in Rh/g-Al2O3, Rh/SiO2, and Rh/TiO2 indicate the
presence of Rhd+ (0 < d < 3) species, which correspond to the
oxygen-deficient rhodium oxides.[25]
Scanning transmission electron microscopy (STEM images show the overall morphology of rhodium oxide nanoparticles on Rh/h-BN (Figure 1 c). The rhodium oxide nanoparticles in the as-synthesized Rh/h-BN have uniform size
distribution with an average size of 2.20 nm  0.46, as shown
in the inset of Figure 1 c. We confirmed that most of the
rhodium nanoparticles were positioned on the h-BN surface
nearby the boundaries between adjacent BN sheets, similar to
other metal/2D support system,[26] as verified by the spherical
aberration-corrected TEM (Cs-TEM) image of the crosssection of Rh/h-BN (Figure 1 e) and STEM image (Figure 1 d)
with the absence of nanoparticles at the very edge of h-BN.
According to the top-view Cs-TEM and selected fast Fourier
transform (FFT) images (Figure 1 f,g), the rhodium oxide
nanoparticles on Rh/h-BN clearly expose the lattice planes
(116)/(222)/(006) and (112)/(113)/(005) of the corundumRh2O3(I) phase, respectively (Figure S6). Combining the
results of H2-TPR, XPS, and Cs-TEM/STEM, it is confirmed
that the h-BN support enables the single-phase formation of
corundum-Rh2O3(I) nanoparticles after calcination at 600 8C.

Preferential growth of corundum-Rh2O3(I) species on h-BN
We analyzed the structure of the rhodium oxide species at
the early stage of calcination to elucidate the growth of singlephase Rh2O3(I) nanoparticles on h-BN. The temperature
profile for the desorption of NO* species by decomposition of
the rhodium nitrate precursor on h-BN shows a single
maximum peak at around 300 8C, which indicates uniform
interaction of the rhodium species with h-BN (Figure S7). In
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comparison, the desorption temperature profiles of other
supports exhibit various maxima, indicating that the discrete
metal-support interaction leads to various growth kinetics and
the formation of metastable rhodium oxide phases as well as
a thermodynamically stable Rh2O3(I) phase.
We investigated the crystallographic relationship between
h-BN and rhodium oxide nanoparticles from Rh/h-BN
calcined at a mild temperature of 300 8C, which resulted in
the complete decomposition of rhodium nitrate, by using CsTEM. The regions containing Rh2O3 nanoparticles were
separated from the h-BN region through an inverse FFT
process by applying a mask filter to the original FFT patterns
(Figure S8).
Notably, most of the rhodium oxide nanoparticles in the
Cs-TEM image of Rh/h-BN calcined at 300 8C and in the
selected FFT-converted images have a corundum-Rh2O3(I)
[110] zone axis perpendicular to the underlying h-BN support
(Figure 2 a–d). This indicates that the Rh2O3(I) (110) plane is
preferentially attached to the surface of the h-BN support
after decomposition of the rhodium nitrate. The Cs-STEM
analysis of the Rh/h-BN calcined at 300 8C was conducted to
determine the relative orientation of Rh2O3 nanoparticles to
h-BN (Figure 2 e). The Rh2O3 nanoparticle in Rh/h-BN
exposes the Rh2O3(I) (224)/(006) plane with a Rh2O3(I)
[110] zone axis, and the (006) plane is parallel to the (100)
plane of h-BN. This angular relationship was also observed for
other Rh2O3(I) nanoparticles supported on h-BN (Figure 2 f).
We conducted first-principle calculations to confirm that
the (110) plane of corundum-Rh2O3(I) is the surface that
preferentially interacts with the exposed surface of h-BN. The
calculation results indicated that the Rh-terminated (110)
surface of corundum-Rh2O3(I) most favorably interacts with
the h-BN surface compared to the (001) and (012) planes
(Figure 2 g). The calculated adhesion energy of the Rh2O3
(110) surfaces on h-BN (Rh2O3 (110)/h-BN) was 538 meV/
BN, which is significantly lower (i.e. more negative) than the
254 meV/BN value, previously reported for h-BN/Rh (111)
nanomesh[19] owing to the increased extent of Rh-N interactions. The equilibrium interlayer distance (height difference
of the average position of bottom Rh and h-BN layers) is
 2.25 , which is similar to the shortest Rh-N distance
(2.21 ) calculated for the h-BN/Rh(111) nanomesh.[19] The
optimized atomic configuration of Rh2O3 (110)/h-BN along
the x-direction shows that most of the Rh atoms in the first
layer of corundum-Rh2O3(I) (110) are positioned near nitrogen sites of the h-BN surface with an average RhN bond
distance of about 2.24 , which is shorter than the RhB
bond distance (2.31 ) (Figure 2 h, Figure S9 and Figure S10).
The charge density difference map, sliced by the second
nitrogen sites of h-BN in Figure 2 h, indicates that charge
accumulation was observed in the first Rh layer (Figure 2 i).
The blue areas atop the N sites reveal that the displaced
charge mainly originates from the N atoms. A Bader charge
difference analysis also shows that the electrons are transferred from N to Rh atoms, which is compensated by those
from B atoms (Figure S11). The accumulated charge in the Rh
atoms is redistributed toward B sites on the h-BN surface and
Rh atoms in the first layer of corundum-Rh2O3(I) (110),
which is responsible for the spontaneous binding between
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Figure 2. Preferential growth of corundum-Rh2O3(I) nanoparticles on h-BN. a) Cs-TEM image of Rh/h-BN calcined at 300 8C; the Rh2O3
nanoparticles outlined with dotted lines have a Rh2O3(I) [110] zone axis, and the Rh2O3 regions are distinguished from h-BN region through an
inverse FFT process after applying a mask filter. b)–d) Selected-area FFT patterns of the Rh2O3 nanoparticles indicated in (a). e) Cs-STEM image of
Rh/h-BN calcined at 300 8C. f) Histogram of misorientation angles between the (006) plane of corundum-Rh2O3(I) species and the (100) plane of
h-BN. g) DFT-calculated adhesion energy and interlayer distance between optimized (001), (110), and (012) planes of the corundum-Rh2O3(I)
phase and h-BN layer. h) Optimized atomic configuration of Rh2O3 (110)/h-BN from DFT calculations, and i) slice cutting of charge-density
difference in Rh2O3 (110)/h-BN through the second N atoms. The range of the color map from blue to red corresponds to 0.003 to
+ 0.003 e 3, indicating electron depletion and accumulation, respectively.

Effect of calcination temperatures on Rh2O3 and h-BN
interaction
The 3D structure, preferentially grown on a 2D substrate,
is usually degraded under high-temperature oxidative conditions because of the weak metal-support interaction and the
instability of the supports under such harsh reaction conditions.[14] Severe aggregation of rhodium oxide species was
also observed on the 2D graphene oxide and MoS2 supports
(Figure S12). In this regard, H2-TPR, XPS, UV-visible-nearinfrared (UV-vis-NIR) spectroscopy, and extended X-ray
absorption fine structure (EXAFS) analysis of Rh/h-BN
calcined at various temperatures was performed to analyze
the structural stability of Rh2O3 nanoparticles with increasing
calcination temperature. The H2-TPR profile of Rh/h-BN
Angew. Chem. Int. Ed. 2021, 60, 2 – 10

calcined at 300 8C for 5 h shows a single reduction peak
centered at 115 8C, which is assigned to the Rh2O3 species
(Figure 3 a). The single reduction peak was maintained with
a shift toward higher temperatures as the calcination temperature increased, indicating an enhanced interaction between
Rh2O3 species and h-BN.[27] Moreover, the surface rhodium
species possess more electrons displaced from the h-BN
support owing to their enhanced interaction,[28] as confirmed
by the XPS spectra, wherein the binding energies of the Rh
3d5/2 and 3d3/2 peaks decrease at elevated calcination temperatures (Figure 3 b). It is noteworthy that no sharp peak arising
from Rh2O3 species was observed in the H2-TPR patterns of
rhodium oxide catalysts on other types of supports calcined at
300 8C (Figure S13). This observation implies that, on supports other than h-BN, uncontrolled seeds such as atomically
dispersed or disordered rhodium oxide are formed at a mild
calcination temperature of 300 8C, which agglomerate to form
various rhodium oxide phases at higher calcination temperatures (to 600 8C).
UV-vis-NIR analysis of Rh/h-BN calcined at various
temperatures for 5 h consistently confirmed the enhanced
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contribute to the uniform stabilization of the Rh2O3 (110)
seed plane after decomposition of the rhodium nitrate.

These are not the final page numbers!

Research Articles

Angewandte

Chemie

a negligible change in their RhO bond strength and their
interaction with h-BN (Figure S14 and Figure S15). This
implies that there is a prerequisite step for inducing stronger
interactions between the Rh2O3 and h-BN supports. This can
be attributed to the formation of oxidized boron species by
the desorption of terminal BOH and BNH2 groups from hBN for bonding to rhodium species, as confirmed by in situ
DRIFT and XPS analyses (Figure S16 and Figure S17). Such
enhanced interactions with h-BN at high calcination temperatures are consistent with the results of previous studies.[17a, 31]
Instead, the components of Rh2O3 were well-sustained
regardless of the calcination temperature, as confirmed by
EXAFS analysis (Figure 3 d). Therefore, the Rh2O3 (110) seed
plane is stabilized after the decomposition of the rhodium
nitrate precursor; thereafter, its interaction with h-BN is
enhanced during calcination at elevated temperatures (up to
600 8C) and for an extended time, resulting in the formation of
single-phase Rh2O3(I) species with uniform size distribution
on the Rh/h-BN catalyst. Moreover, the enhanced interaction
mainly contributes to the enhancement of catalytic stability,
rather than the determination of reaction mechanisms (detailed in the following section).
Figure 3. Effect of calcination temperatures on Rh/h-BN. a) H2-TPR
profiles, b) XPS Rh 3d spectra, and c) UV-vis-NIR spectra of Rh/h-BN
calcined at 300, 400, 500, or 600 8C. d) Rh K-edge k3-weighted FTEXAFS spectra of Rh/h-BN calcined at various temperatures, bulk
Rh2O3, and Rh foil.

interaction between Rh2O3 and h-BN as the calcination
temperature increased (Figure 3 c). The UV-vis-NIR spectra
of Rh/h-BN calcined at 300 8C for 5 h showed two absorption
bands centered at 320 and 450 nm corresponding to the
allowed transitions 1A1g ! 1T1g and 1T2g of the Rh3+ species.[29]
These bands exhibited an evident red-shift, and the overall
absorption intensity monotonously increased at elevated
calcination temperatures, implying the incorporation of
density of states between the valence and conduction bands
of h-BN due to enhanced Rh2O3 and h-BN interactions.[30]
The rhodium oxide species in Rh/h-BN, which were calcined
at various temperatures for a short time (1 min), showed

Catalytic performance of supported rhodium oxide nanocatalysts
and exploration of the reaction mechanism
The catalytic performance of the supported rhodium
oxide nanocatalysts calcined at 600 8C was tested for MPO
using a gas mixture of CH4/O2/Ar = 4/2/94 % to elucidate the
advantages of single-phase formation of rhodium oxide
nanoparticles on h-BN. The reaction over h-BN without
rhodium deposition produced only CO2, and the catalyst
exhibited negligible activity up to 750 8C, demonstrating that
the rhodium species play a major role in CO production
(Figure S18). Among the supported catalysts, Rh/h-BN, Rh/gAl2O3, Rh/SiO2, and Rh/Si3N4 showed high methane conversion rates and CO yields above 600 8C (Figure S19a, S19b,
and Table S3). At 650 8C, Rh/h-BN showed a 72.5 % yield of
CO, as good as that of one of the most active catalysts, Rh/gAl2O3, which produced a 69.5 % yield of CO under the same
reaction conditions (Figure 4 a). Moreover, the catalytic

Figure 4. Catalytic performance of rhodium oxide nanocatalysts. a) MPO test at 650 8C over supported rhodium oxide catalysts (Feed: 4 % CH4,
2 % O2 with Ar balance, WHSV: 2280 K g1 h1). b) H2/CO ratio versus WHSV conditions for MPO at 650 8C over Rh/h-BN, Rh/g-Al2O3, and Rh/
SiO2 catalysts. c) CO selectivity and H2/CO ratio for CH4 isothermal reaction at 650 8C over Rh/h-BN, Rh/g-Al2O3, Rh/SiO2, and Rh/Si3N4 catalysts.
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catalysts showed low CO selectivity due to coke formation,
and the average H2/CO ratio was higher or lower than 2.
These results reveal that different Rh species in Rh/g-Al2O3,
Rh/SiO2, and Rh/Si3N4 catalysts induce deep decomposition
of methane and coke formation after the isothermal methane
reaction.
We investigated the transient responses of the products
from MPO over Rh/h-BN, Rh/g-Al2O3, Rh/SiO2, and Rh/
Si3N4 by pulse experiments to confirm whether total oxidation
is triggered before CO production; if so, an indirect route is
implied.[35] After injecting CH4 and O2 pulses into the sample
at 650 8C, the products CO and CO2 were monitored using an
online mass spectrometer (Figure 5 a). The maximum intensities of CO and CO2 were concurrently detected in MPO
over Rh/h-BN. In contrast, a part of the CO2 was detected
earlier than CO over Rh/g-Al2O3, Rh/SiO2, and Rh/Si3N4
catalysts, demonstrating that CO2 was initially formed from
CH4 before CO production. At 650 8C, the catalysts, including
Rh/h-BN, showed a similar CO selectivity toward MPO, as
confirmed in Figure 4 a. In this regard, some CO is produced

Figure 5. a) Transient responses of CO and CO2 after pulsing CH4/O2
at a feed molar ratio of 2 at 650 8C over Rh/h-BN, Rh/g-Al2O3, Rh/SiO2,
and Rh/Si3N4. b) In situ Raman spectra of Rh/h-BN, Rh/g-Al2O3, Rh/
SiO2, and Rh/Si3N4 at 650 8C under 5 % O2/Ar, subsequent 10 % CH4/
5 % O2/Ar, and 10 % CH4/Ar flow. c)–f) Ex situ XPS Rh 3d spectra of
Rh/h-BN, Rh/g-Al2O3, Rh/SiO2, and Rh/Si3N4 after MPO at 650 8C.
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stability of Rh/h-BN was enhanced by switching from low
(400 8C) to high (600 8C) calcination temperatures because of
the strengthened interaction between Rh2O3 and h-BN at
elevated calcination temperatures (Figure S20). The Rh/h-BN
calcined at 600 8C maintains 90 % of its initial activity after
70 h (Figure S21). The Rh/ZrO2 catalyst exhibited a low CO
yield of less than 10 %, and Rh/TiO2 failed to produce CO.
Note that only Rh/h-BN produced syngas with a H2/CO ratio
of 2 and showed a similar dependency of H2 and CO yields on
the reaction temperatures (Figure S19c), which explains the
concurrent production of CO and H2 from the MPO process.
For the other supported rhodium oxide catalysts, the H2/CO
ratio is higher or lower than 2 and varies with the reaction
temperature, indicating that the part of H2 and CO is formed
by different routes in MPO, such as an indirect route (total
oxidation-methane reforming).
We focused on Rh/h-BN, Rh/g-Al2O3, and Rh/SiO2, which
exhibited high methane conversion rates and selectivities
toward syngas, and obtained the H2/CO ratio at various
weight hourly space velocities (WHSVs) to clarify the
reaction pathway for H2 and CO production (Figure 4 b). If
the direct conversion of methane to CO and H2 was indeed
the main route, these species would be formed simultaneously, and their yield profiles according to WHSV conditions
would be identical.[32] Notably, we found that only the Rh/hBN catalyst consistently maintained the H2/CO production
ratio of 2 under various WHSV conditions, while the others
did not. With increasing WHSV, the methane conversion rate
and syngas yield of all the supported rhodium oxide catalysts
decreased owing to the short contact time with the reactants
(Figure S22a–24a). For Rh/h-BN, the yield profiles of H2 and
CO under WHSV conditions were similar, whereas those for
Rh/g-Al2O3 and Rh/SiO2 differ from each other (Figure S22b–
24b). This observation demonstrates that corundum-Rh2O3(I)
nanoparticles are the major active species for producing
syngas via the direct route, and indeed, the formation of
single-phase corundum-Rh2O3(I) on h-BN uniformly drives
the direct route regardless of the WHSV conditions. Moreover, the direct route should produce syngas with high
selectivity in the presence of O2 because oxygen suppresses
methane reforming from the indirect route.[33] In this regard,
we confirmed that the Rh/h-BN can show high CO selectivity
(69.9 %) and CO yield (57.8 %), as shown in Table S4. The
Mars-Van Krevelen mechanism is suggested for direct syngas
production: methane reduces the Rh2O3 species, which is
reoxidized by oxygen gas.[34] The CH4 pulse experiments and
methane-oxygen injection cycling test showed that the lattice
oxygen of the Rh2O3(I) species in Rh/h-BN is used directly in
CO production (Figure S25 and Figure S26).
The single-phase Rh2O3(I) species in Rh/h-BN catalysts is
also significantly effective in chemical-looping MPO. The
primary function of rhodium oxide species on various
supports was evaluated by quantifying the products, including
H2, CO, and CO2, and by considering the amount of deposited
carbon during the methane isothermal reaction (Figure 4 c,
Figure S27, and Table S5). Importantly, Rh/h-BN exhibited
a superior CO selectivity (  90 %) and an average H2/CO
ratio of 2.1, which is close to the theoretical value of direct
MPO. In comparison, Rh/g-Al2O3, Rh/SiO2, and Rh/Si3N4
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via an indirect route over Rh/g-Al2O3, Rh/SiO2, and Rh/Si3N4
catalysts.
The oxidation state of rhodium species during MPO is
strongly related to the reaction pathway for syngas production.[34, 36] During the MPO process, metallic rhodium species
lead to syngas production via methane reforming.[36a] Moreover, metallic species can lead to the decomposition of CH4
and coke formation during the isothermal methane reaction.[37] The changes in the RhO bonds of Rh/h-BN, Rh/SiO2,
Rh/g-Al2O3, and Rh/Si3N4 during MPO were investigated by
in situ Raman spectroscopy (Figure 5 b). The broad bands
centered at 400–600 cm1 were assigned to the Rh-O symmetric stretch of rhodium oxide.[38] Under a flow of 5 % O2/Ar
at 650 8C, all the samples contained RhO bonds originating
from the rhodium oxide species.
Notably, the intensity of the RhO bond at 513 cm1 for
Rh/h-BN slightly decreased, but still existed in oxidized states
under 10 % CH4/5 % O2/Ar flow. In comparison, the intensity
of the Rh-O stretch for the other supported catalysts was
below the detection level of Raman spectroscopy during the
reaction. Therefore, the electronic properties of the supported rhodium catalysts after MPO were further investigated by
ex situ XPS analysis (Figure 5 c–f). The spectra showed that
the rhodium species from Rh/h-BN were in oxidized states,
which is consistent with the Raman analysis results. However,
Rh/g-Al2O3, Rh/SiO2, and Rh/Si3N4 contained metallic rhodium species, as well as partially oxidized rhodium species,
after the MPO reaction. As confirmed by the H2-TPR results
in Figure 1 a, the dispersed or disordered rhodium oxide
species on Rh/g-Al2O3, Rh/SiO2, and Rh/Si3N4 could be easily
reduced because of the weak RhO bond strength. Therefore,
these rhodium oxide species were converted into their
metallic states during the MPO process, resulting in an
indirect route for syngas production in MPO and excess
carbon deposition in the isothermal methane reaction of
chemical-looping MPO.

Conclusion
In this study, we show that h-BN support induces the
single-phase formation of corundum-Rh2O3(I) nanocatalysts
owing to the preferential attachment of the Rh2O3(I) (110)
seed plane on the h-BN surface after decomposition of the
rhodium precursor. After that, the interaction between Rh2O3
nanoparticles and the h-BN support is getting stronger at
elevated calcination temperatures with sustaining the Rh2O3
components, imparting enhanced catalytic stability. The
catalytic MPO over Rh/h-BN occurs solely via the direct
route owing to the single-phase active Rh2O3 species on h-BN.
In addition, Rh/h-BN shows a high CO selectivity (  90 %)
for the isothermal methane reaction. These highly controlled,
direct MPOs from Rh/h-BN are ideal for applying to downstream chemical processes, which require a H2/CO ratio of  2
for synthesizing value-added chemicals. Furthermore, supported metal-oxide nanocatalysts have been extensively
utilized in various areas, such as electrocatalysis,[39] photocatalysis,[40] and thermocatalysis,[41] and control of the metal
nanoparticle-support interaction has recently received con-
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siderable attention for controlling the reaction pathway.[42]
Our results highlight the importance of understanding the
distinctive metal-support interactions at the nanoscale for
synthesizing single-phase catalysts, which can be applied to
various heterogeneous reactions for highly controlled catalytic activity and for determining the catalytic structureproperty relationships.
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A single-phase Rh2O3 nanocatalyst is
developed by exploiting the stabilization
of the (110) plane of the Rh2O3(I) seed on
hexagonal boron nitride (h-BN) after
decomposition of the rhodium precursor.
By using the Rh/h-BN, catalytic methane
partial oxidation to syngas was accomplished solely via the direct route.

Y. Kim, S. Kang, D. Kang, K. R. Lee,
C. K. Song, J. Sung, J. S. Kim, H. Lee,
J. Park,* J. Yi*
&&&&—&&&&
Single-Phase Formation of Rh2O3
Nanoparticles on h-BN Support for
Highly Controlled Methane Partial
Oxidation to Syngas

Ü
Ü

&&&&

www.angewandte.org

These are not the final page numbers!

 2021 Wiley-VCH GmbH

Angew. Chem. Int. Ed. 2021, 60, 2 – 10

