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Abstract: The partial oxidation of methane (POM) is a promising method for converting methane to
syngas. The transition metal supported on boron nitride (BN) has recently been studied as part of
a catalog of emerging catalysts. However, the chemical state of the metal supported on BN during
methane reforming is still in debate. In this work, we report a rhodium catalyst on boron nitride
(Rh/BN) for the POM, with exceptional activity and long-term stability at 600 ◦C for 230 h. The
Rh/BN catalyst was investigated by X-ray diffraction, X-ray photoelectron spectroscopy, Raman
spectroscopy, transmission electron microscopy, and diffuse reflectance infrared Fourier transformed
spectroscopy (DRIFTS). As revealed by in situ DRIFTS, the infrared band (2020 cm−1) of the product
molecule, CO, adsorbed on the Rh, as the probe confirms the metallic state of Rh during the POM
reaction. In addition, the results of in situ DRIFTS indicate that the reactive gaseous environment
would react with the catalyst to form B-OH and B-H, which synergistically boost the POM activity.

Keywords: partial oxidation of methane; syngas; boron nitride; rhodium; DRIFTS

1. Introduction

Syngas is one of the most important chemical intermediates, which may be utilized to
generate hydrocarbons, alcohol, and other high-value chemicals via industrial processes
such as the Fisher–Tropsch synthesis and methanol-to-olefin reactions [1–4]. As the primary
component of natural gas, shale gas, and biogas, methane is a valuable resource that may
be transformed to syngas by reforming reactions, such as steam reforming (SMR), dry
reforming (DRM), and partial oxidation (POM) [5–9]. The partial oxidation of methane
(POM) is featured for its mildly exothermic reaction (∆H298K = −37.8 kJ mol−1), resulting
in reduced energy expenditure. Many efforts have been devoted to the development
and investigation of the POM catalyst since the 1920s [10]. In generally, the conventional
POM catalyst is based on a transition metal supported on an oxide, which is facing the
disadvantages of deactivation during high temperature operation.

Boron nitride (BN) has emerged as a material for catalyst design in the last decade.
BN is a binary compound composed of equal numbers of boron and nitrogen atoms.
Hexagonal boron nitride (h-BN) has a typical layered structure similar to graphite. The
h-BN has high mechanical strength, high thermal conductivity, and good lubricity. In
addition, h-BN is chemically and thermally stable, making it a good choice for high-
temperature catalytic processes [11–14]. The superior activity of h-BN as a catalyst in
the oxidative dehydrogenation of ethane and propane has been reported, indicating that
h-BN can potentially be employed as a catalyst or catalytic support in heterogeneous
catalysis [15–18]. Dong et al. [19] reported that a catalyst of Ni metal was supported on
an inert material boron nitride support, which was employed for methane dry reforming.
Under the reaction atmosphere, amorphous BOx species are induced and migrated to Ni
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metallic nanoparticles to form ultrathin BOx overlayers. The B-O and B-OH sites on the
surface of the BOx overlayers work synergistically with the adjacent Ni sites to facilitate
the reaction. In addition, Ni exists as metallic nanoparticles during the dry reforming of
methane. However, Kim et al. [20] reported Rh was supported on BN catalysts for the POM
reaction, which then elucidated the growth of single-phase Rh2O3 nanoparticles on BN.
Given the reductive nature of the syngas product (CO and H2), the chemical state of the
supported metal on BN during methane reforming poses a concern.

In this work, Rh nanoparticles were loaded on a commercial nano h-BN support and
applied to the partial oxidation of methane (POM) reaction to catalyze methane and oxygen
to generate syngas (CH4 + 1/2O2 = CO + 2H2). We have found that the Rh/BN catalyst
exhibits superior activity and stability in the POM reaction. The conversion of methane and
selectivity to CO are 63.4% and 79.2% at 600 ◦C and 89.9% and 88.8% at 750 ◦C, respectively.
The catalytic activity remains well after tests on the time of stream for 230 h. The catalyst
structure and reaction mechanism were studied by comprehensive characterizations. As
revealed by the in situ DRIFTS spectrum, the metallic state of Rh during the POM reaction is
confirmed by observing the infrared band of the product molecule, CO, which is adsorbed
on the Rh as the probe. The results of in situ DRIFTS also suggest that the reactive gaseous
environment would react with the catalyst to produce B-OH and B-H, which promote the
POM activity synergistically. This work brings insights to the authentic state of the Rh/BN
catalyst for methane reforming.

2. Results

As shown in Figure 1a, BN shows no activity for the partial oxidation of methane
as the control experiment. Rh/BN exhibits activity for the POM reaction at 450 ◦C and
high activity at high temperature. The conversion of methane over Rh/BN is 89.9% at
750 ◦C, which is much higher than that of BN (Figure 1b). Thus, Rh/BN is an outstanding
catalyst for POM. Moreover, the catalyst was tested on the time of stream at 600 ◦C with a
WHSV = 600,000 mL·g−1·h−1. Specifically, 45 mg of Rh/BN exhibits a conversion of 63.4%
for methane (Figure 1c). The selectivity for producing H2 and CO at 600 ◦C is 72.1% and
79.6%, respectively. After 230 h operation, there is only an ~8% decrease in the performance,
in which the methane conversion decreases from 60.1% to 52.4%. This long-term stability
suggests that the Rh/BN catalyst is promising for the POM reaction. In addition, the
catalyst after the 230 h reaction was measured again, for the POM activity as the function
of temperature (Figure 1d). The POM activity remains well after the long-term test.

X-ray diffraction pattern (XRD) and transmission electron microscopy (TEM) charac-
terizations of Rh/BN are shown in Figure 2. The observed diffraction peaks at 26.8◦, 41.6◦,
43.9◦, 55.2◦, 71.4◦, and 82.2◦ in the XRD patterns are indexed to the (002), (100), (101), (004),
(104), and (112) planes of the hexagonal boron nitride (JCPDS-34-0421), respectively. No
characteristic peaks of Rh2O3 or rhodium nanoparticle are detected, due to the low-loading
of Rh. TEM images and element mapping show that Rh particles are evenly dispersed on
BN after the POM reaction for 230 h, and the average size of the Rh particles is ~3.6 nm
(Figure 2b–e). As compared in Figures 2e and S1, the average particle size of Rh NPs
undergoes a slightly increase from 2.3 to 3.6 nm, after 230 h of the POM reaction at 600 ◦C.
Therefore, it can be considered that the encapsulation overlayers act as a protective shell
to stabilize the Rh NPs [21]. Meanwhile, no carbon deposition and metal sintering are
observed in the TEM images of the catalyst used for partial oxidation of methane, which
is consistent with the excellent stability of the catalyst. It is also worth noticing that, in
Figure 2c, the Rh particles are encapsulated by ultrathin layers, which is attributed to the
migration of boron oxide (BOx) to the surface of the Rh particles. This phenomenon is
consistent with reports on the strong metal support interaction (SMSI) between metal and
BN [19,22,23].
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as the function of reaction temperature of the catalyst after 230 h long-term test (d). Test conditions: 
50 mg of Rh/BN-fresh for (a,b,d), 45 mg for (c); the gas fed to the reactor is a mixture of 25 mL/min 
of 20% CH4 and 25 mL/min of 10% O2, and temperature is 600 °C. 
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Figure 1. Temperature dependence of CH4 conversion for POM over BN (a) and Rh/BN (b). Catalytic
performance of Rh/BN for POM reaction at 600 ◦C against time on stream (c). The catalytic activity
as the function of reaction temperature of the catalyst after 230 h long-term test (d). Test conditions:
50 mg of Rh/BN-fresh for (a,b,d), 45 mg for (c); the gas fed to the reactor is a mixture of 25 mL/min
of 20% CH4 and 25 mL/min of 10% O2, and temperature is 600 ◦C.
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POM (b–d), the particle size distribution of Rh particles (e), and HAADF image (f) and element 
mapping of O (g) and Rh (h) obtained over the same area. 
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coke is generated during the POM reaction (Figure 3b). 
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Figure 2. XRD patterns of BN, Rh/BN−Fresh, and Rh/BN−Used (a). TEM images of Rh/BN used
for POM (b–d), the particle size distribution of Rh particles (e), and HAADF image (f) and element
mapping of O (g) and Rh (h) obtained over the same area.

Raman spectroscopy and thermogravimetric characterization are the most effective
methods to determine the carbon deposition of the catalyst. Generally, disordered carbon
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and graphitic carbon appear at 1250–1350 and 1500–1700 cm−1, respectively [24,25]. As
shown in Figure 3a, only one peak at 1365 cm−1 is observed, which is assigned to the
B-N band of the BN support [26]. No related carbon peaks appear in the used catalyst
for partial oxidation of methane. Furthermore, no obvious weight loss is observed in the
thermogravimetric curve of the catalyst used for the POM reaction, which also indicates
that no coke is generated during the POM reaction (Figure 3b).
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Figure 3. Raman spectra of BN, Rh/BN−Fresh, and Rh/BN−Used (a). TG−DSC of the spent Rh/BN
catalyst (b).

The surface features of catalysts are studied by N2 physical adsorption and X-ray
photoelectron spectroscopy (XPS). The nitrogen adsorption–desorption isotherms of the
catalysts are presented in Figure 4. The relevant analysis results are summarized in Table 1,
including the specific surface areas by the Brunauer–Emmett–Teller (BET) method and
porous texture information by the Barrett–Joyner–Halenda (BJH) method. The BET surface
areas and average pore size of BN, Rh/BN-Fresh, and Rh/BN-Used are 30, 41, and 33 m2/g
and 19.7, 22.1, and 19.6 nm, respectively. The mesoporous structure is attributed to the
stacking between BN nanoparticles. This shows that the specific surface area and pore size
of the catalyst do not change after being used for partial oxidation of methane, indicating
that the structure of the catalyst is stable.
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Table 1. BET specific surface areas of BN, Rh/BN−Fresh, and Rh/BN−Used.

Samples BET Surface Area (m2/g) Pore Volume (cm3/g) Pore Size (nm)

BN 30 0.16 19.7
Rh/BN-Fresh 41 0.23 22.1
Rh/BN-Used 33 0.23 19.6
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The XPS spectra of the Rh/BN-Fresh and Rh/BN-Used catalysts are shown in Figure 5.
The O 1s spectra is deconvoluted to three main components at 530.8, 531.8, and 534.1 eV,
which are assigned to the Rh-O bonding, B-O in the oxide, and the surface hydroxyl
group of the catalyst, respectively [27,28]. Shoulder peaks at 192.0 eV in the B 1s spectra
are assigned to B-O bonding, indicating the presence of boron oxide species [29]. The
binding energy of Rh 3d5/2 of fresh Rh/BN at 309.3 eV (Rh3+) suggests that there is a single
fully oxidized Rh3+ state from the Rh2O3 species in the fresh catalyst. It can be observed
that the Rh 3d5/2 in the Rh/BN catalyst used for the POM exhibits two valence states: an
oxidation state corresponding to 309.3 eV (Rh3+) and a metal state corresponding to 307.6 eV
(Rh0) [30]. The formation of Rh0 is attributed to the reduction of rhodium oxide by a large
amount of reductive gas (H2 and CO) produced by the POM reaction. Furthermore, the XPS
signal intensity of Rh in Rh/BN-Used is weaker than that of Rh/BN-Fresh, which could be
attributed to the SMSI between Rh and BN in the form of BOx patches on Rh during the
POM process, which is consistent with the TEM results and the literature [19,22,31].
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The encapsulation of Rh NPs by boron oxide during the catalytic process is further
verified by diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). As shown
in Figure 6, the status of Rh in the catalyst is examined by using external CO as the infrared
probe [10,32–35]. The fresh Rh/BN catalyst shows the presence of four peaks at 2090, 2069,
2031, and 1908 cm−1. The vibrational features at 2090 and 2030 cm−1 contribute to the gem-
dicarbonyl [Rh+(CO)2] [36,37]. The peak at 2069 cm−1 is assigned to the C-O stretching
vibration of the linear CO adsorption on the Rh atoms. The wide peak at 1908 cm−1

is assigned to the bridged adsorption on the neighboring Rh [38]. The infrared feature
at 1908 cm−1 is a strong piece of evidence for the presence of metallic Rh nanoparticles.
However, it is hard to find the CO adsorption on Rh in the Rh/BN used for the POM
process. This suggests that Rh NPs cannot be exposed to the surface after the POM
reaction. According to the above characterization results, the Rh NPs are encapsulated
by boron oxide patches during the reaction process, to prevent CO adsorption on the Rh
NPs [19,22,31]. To further confirm that the Rh NPs were wrapped, Rh/BN-Used catalyst
was reduced at 300 ◦C in H2 for 1 h, then cooled down to room temperature to carry out
the DRIFT-CO experiment. As can be seen in Figure 6, the adsorption feature of CO on
Rh/BN-Used appears at 2060 and 1919 cm−1 after reduction. This further proves that Rh
particles are shielded with boron oxide during the POM process. The infrared band at
1919 cm−1 suggests the existence of metallic Rh, while the intensive and broad band at
2060 cm−1 indicates that the adsorption geometry of gem-dicarbonyl is not favored. It is
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interpreted that the access of CO molecules to the surface Rh atoms is steric-restricted by
BOx patches [19,22,31].
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The chemical state and functional group on the surface of the catalyst are also investi-
gated by in situ DRIFTS [32]. Three sets of in situ DRIFTS experiments are performed, as
shown in Figure 7. No external CO is introduced in the experiment. The first experiment is
monitoring the infrared spectrum on the time of stream under the POM reactive conditions
(Figure 7a,b). Upon exposure to the POM atmosphere at 500 ◦C, the characteristic band
of the hydroxyl stretching vibration is clearly observed at 3380 cm−1 (Figure 7a) [39,40].
Meanwhile, the emergence of B-H stretching (2480 cm−1) is observed in Figure 7b [41]. Both
results suggest that the hydrogen on methane is abstracted by the B atom, and the active
methyl radical should be stabilized by the adjacent nitrogen atoms [42,43]. Moreover, the
peak at 2021 cm−1 is observed for the C-O stretching vibration of molecule CO adsorption
on Rh, in the manner of linear geometry. The wavenumber of 2021 cm−1 represents a
typical linear adsorbed CO on the Rh atoms. Moreover, a minor infrared band at 1890 cm−1

is also observed for the CO that is adsorbed on two adjacent Rh atoms with the bridge
geometry. Both infrared bands (2021 and 1890 cm−1) demonstrate that the Rh catalyst ad-
sorbs the molecule CO as the infrared probe, which is formed during the POM reaction [32].
These observations suggest that the catalyst was reduced to a metallic state during the
POM reaction. Moreover, the BOx encapsulation overlayers can be supposed to suppress
sintering of Rh NPs. As shown in Figures 1 and S1, the average particle size of Rh NPs
undergoes a slight increase from 2.3 to 3.6 nm after 230 h, over the POM reaction at 600 ◦C.
Therefore, it can be considered that the BOx encapsulation overlayers act as a protective
shell to stabilize Rh NPs [20].

The key role of B-OH and B-H in POM process is further explored in the following
two sets of DRIFTS experiments, as shown in Figure 7c–h. The catalyst is first exposed
to argon atmosphere (Figure 7c,d), while no B-OH or B-H is observed. Then, 22.4 mL of
CH4 and O2 are pulsed into the cell, while the infrared bands of B-OH and B-H appear
immediately. More interestingly is that the B-OH (3480 cm−1) does not disappear at 500 ◦C
in flowing Ar. Therefore, the B-OH and B-O structure are confirmed during the POM
reaction. Moreover, the infrared band at c.a. 2020 cm−1 is observed in the second set of in
situ DRIFTS experiment, again suggesting the formation of metallic Rh nanoparticles. To
further investigate whether B-OH would remain on the catalyst surface, the third DRIFT
experiment is carried out (Figure 7e–f). The catalyst is exposed to O2, then 22.4 mL CH4 is
dosed to the cell. It is noted that B-OH appears and gradually decreases with time. The
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weak signal of B-H should be due to the large amount of oxygen in this experiment, which
promotes the transformation of B-H. This evidence demonstrates that B-OH and B-H could
participate in the POM catalysis. In addition, the infrared band of 2020 cm−1 is confirmed.
As reported in the literature [44], methane dissociation occurred on reduced metal sites,
and OH occurred on the support act as an oxygen source onto the Rh NPs. Therefore,
according to the above analysis, it can be suggesting that B-OH and B-H sites on the BOx
encapsulation overlayers, together with surface Rh NPs sites, synergistically catalyze the
surface POM process.
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3. Discussion

Based on the characterization and in situ DRIFTS results, Rh nanoparticles are pro-
posed to be the active sites for the reaction. Therefore, we conclude that the reaction
mechanism in this work is similar to those reported in the previous literature for the POM
over a supported Rh nanoparticle catalyst [44,45]. Methane dissociation occurred on the



Catalysts 2022, 12, 1146 8 of 12

reduced metal sites, and OH occurred on the support act as an oxygen source onto the
Rh NPs.

Besides the observation of B-O and B-H during the POM reaction, the key discovery
of this work is the observation of an adsorbed CO band at ~2020 cm−1 during all three sets
of in situ DRIFTS experiments. In the in situ DRIFT study of Figure 7, there is no external
CO introduced into the reaction cell. In other words, all the CO observed is formed by the
POM reaction proximal to the surface of the catalyst. Therefore, the product molecule, CO,
serves as the infrared probe to investigate the chemical state of the Rh catalysts [32]. The
wavenumbers, of 2020–2021 and 1840–1890 cm−1, of the adsorbed CO are very close to
the 2010 cm−1, as reported in our recent work [32], which is also the probe of the infrared
band of the product molecule CO on the Rh clusters on ceria. This observation suggests
the Rh catalyst is metallic nanoparticles. However, it has been reported very recently
that a supported single phase corundum-Rh2O3 is formed during the POM reaction and
contributes to the POM activity [30], which poses the question of whether the metallic or
oxide phase of the transition metal is the authentic catalyst for methane reforming, when Rh
is supported on BN. Therefore, the observation of metallic Rh by using product molecule
CO in this work brings new insight to this topic.

4. Materials and Methods

Catalyst preparation. Rh/BN catalyst was prepared by a wetness-impregnation
method [46]. In a typical preparation of a 2 wt% Rh/BN catalyst, 0.2 g rhodium ni-
trate solution (containing 10% Rh(NO3)3, Aladdin, Shanghai, China) was added to 1.5 mL
deionized water. Next, 1 g boron nitride (Boron nitride, Sigma-Aldrich, St. Louis, MO,
USA, 99% trace metals basis, <150 nm avg. part. size) was added into a beaker. Then, the
rhodium nitrate solution was dropped with stirring, until all the solution was mixed with
the boron nitride. The slurry was dried in an oven at 60 ◦C overnight. The obtained sample
was calcined at 500 ◦C for 5 h. To distinguish the different catalysts, fresh Rh/BN catalyst
is named as Rh/BN-Fresh (or Rh/BN-f), while Rh/BN catalyst used for partial oxidation
of methane is named as Rh/BN-Used (or Rh/BN-u).

Catalyst characterization. X-ray diffraction (XRD) was collected on a Smart Lab SE
diffractometer (Rigaku, Tokyo, Japan) equipped with Cu Kα (λ = 1.5406 Å) X-ray source
operating at 40 kV and 25 mA. The diffraction signal was collected with a HyPix-400(H)
detector in the range of 10◦ < 2θ < 90◦, with a scan speed of 5◦ per minute. Raman
spectroscopy measurements were recorded on a DXRxi Raman microscope (Thermo Fisher
Scientific, Waltham, MA, USA), with a laser of 532 nm wavelength. The Raman shift
values were measured over the range from 400 to 3100 cm−1. Transmission electron
microscope (TEM) images and the energy-dispersive spectrum (EDS) were collected on
FEI Talos F200S microscope (FEI, Hillsboro, OR, USA) at 200 kV. Temperature programed
reduction and desorption were carried on an AutoChem II 2920 chemisorption apparatus
(Micrometrics, Norcross, GA, USA), with a thermal conductivity detector (TCD). X-ray
photoelectron spectrum (XPS) was collected on a Thermo Scientific ESCALAB 250 (Thermo
Fisher Scientific, Waltham, MA, USA), and the data were acquired by a monochromatized
Al Kα X-ray source (200 W). The binding energies were referenced to the C 1s peak of
environmental carbon at 284.6 eV. The surface area and pore structure parameters of
catalysts were analyzed by N2 adsorption–desorption isotherms at 77 K on a Micromeritics
ASAP 2020 (Micromeritics, Norcross, GA, USA). Before measurement, the samples were
preheated under vacuum at 300 ◦C for 4 h.

The diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) measure-
ments were performed by an iS50 FT-IR spectrometer (Thermo-Fisher, Waltham, MA, USA),
with a mercury cadmium telluride (MCT) detector and a Harrick diffuse reflectance acces-
sory (Harrick Scientific Product, New York, NY, USA). The reaction chamber was equipped
with a ZnSe dome. Each spectrum was recorded with 32 scans at a resolution of 4 cm−1.
The catalyst was mounted in the cell without dilution.
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In the typical protocol of DRIFTS, by using external CO as the probe (Figure 6), the
fresh Rh/BN catalyst was pretreated at 300 ◦C for 30 min by 10% H2/Ar, then cooled down
to room temperature in flowing Ar. A spectrum was obtained as background. Then, CO
(10%) was introduced, and the excess CO was purged with Ar. For the used Rh/BN, it was
pretreated in Ar at 300 ◦C for 30 min before performing CO chemisorption experiment.

The protocol of in situ DRIFTS over Rh/BN is under partial oxidation of methane.
The catalyst was pretreated at 300 ◦C for 1 h by 10% H2/Ar. Then, after being heated up
to 500 ◦C in flowing argon, a spectrum was collected as background. O2 and CH4 were
introduced, and the spectra was collected every minute (Figure 7a,b). Furthermore, there
was a series of DRIFTS experiments of dosed CH4 and/or O2 into the cell (Figure 7c–f).

Catalytic performance test. The catalytic performance of partial oxidation of methane
was evaluated in a fixed bed quartz tubular reactor. The pelleting catalysts (40–60 mesh)
were loaded in a quartz tube with an inner diameter of 6 mm. The reaction gas composition
was 5% O2, 10% CH4, and 85% Ar. The flow rate of the total reactant was 50 mL/min. A K-
type thermal couple coated with quartz shield was inserted into the catalyst bed to monitor
the reaction temperature. The products were analyzed by an on-line chromatography
(GC-2014, Shimazu, Kyoto, Japan), equipped with an auto-sampler; a line is HP-AL/S
column (0.53 mm × 15 µm × 50 m) with flame ionization detector (FID), another is P-N
(3.2 mm × 2.1 mm × 1.0 m) and MS-13X (3.2 mm × 2.1 mm × 3.0 m) column with thermal
conductivity detector (TCD). [CH4]in is the concentration of POM reaction without catalyst
at room temperature, and the concentration of [CH4]out, [CO], and [H2] during the POM
reaction at different temperature is obtained by GC. The conversion of CH4, and selectivity
to H2 and CO, are calculated as the following equations.

Conversion (CH4) =
[CH4]in– [CH4]out

[CH4]in
(1)

Selectivity (H2) =
1
2 ∗ [H2]

([CH4]in– [CH4]out)
(2)

Selectivity (CO) =
[CO]

[CH4]in– [CH4]out
(3)

Catalytic performance of BN and Rh/BN were evaluated at temperatures varying
from 300 to 750 ◦C under a flow of a mixture of 25 mL/min 20% CH4 and 25 mL/min 10%
O2. For the measurements of catalytic performance, 50 mg of catalyst diluted with 300 mg
of purified quartz was loaded into the reactor. The catalyst was heated up to 300 ◦C under
the reaction mixture. During the test, each temperature was maintained for 2 h, and the
outlet of reactor was detected by an on-line gas chromatography (the outlets of reactor
were automatically collected every 20 min by on-line chromatography). Each temperature
was tested six times and the data were stable. The average value of the six measured times
was taken as the reported data.

5. Conclusions

In summary, Rh/BN is found to be an effective catalyst for the partial oxidation of
methane (POM) with a long durability. During the POM process, Rh NPs are reduced by
the product atmosphere and encapsulated by ultrathin boron oxide overlayers derived
from the BN support. Our observations with in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) offer important messages towards the understanding
of the POM reaction. In situ DRIFTS characterization reveals that B-OH and B-H site are
generated in the POM catalysis, which work synergistically with Rh sites to promote the
POM process. These findings shed a light on the authentic state of the supported metal on
BN during methane reforming.
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