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Abstract

Many technological fields have adopted composites with active material–support configu-
rations, where the active materials dictate the catalytic activity, and the supports improve
the properties. Hexagonal boron nitride (h-BN) is a promising and highly stable support
material with limited applications because it is difficult to modify. In this work, a facile
method for the etching of h-BN was achieved using metal oxide (MOX) nanoparticles.
The nanoporous structure of etched h-BN was revealed by selective removal of MOX on
the surface; as a result, the specific surface area and pore volume increased more than
two-fold. Then, to verify the effect of the nanoporous structure, etched h-BN was used to
support the catalyst because the nanoporous structure has an advantage in dispersing the
nanoparticles. Fabricated etched h-BN-added catalysts exhibited high performance in N2O
conversion. This high performance was attributed to the changed oxidation states of metal
cations by interaction-etched h-BN using MOX nanoparticles. This study serves as a basis
for the development of nanocomposites with various cations and supports for catalytic
reaction systems.

Keywords: hexagonal boron nitride; etching; porous structure; metal oxide; N2O
conversion

1. Introduction
The active material–support material configuration has been widely adopted for the

fabrication of composites for use in various technological fields [1–4], particularly for
heterogeneous catalysis [5,6], because synergistic effects between the active and support
materials can enhance the physicochemical properties of the composites. Although the
active materials strongly influence the overall activities of composites, the support materials
play an important role in improving their properties [7,8]. Among the various requirements
for support materials, the cardinal ones are high thermal and chemical stability for the
firm anchoring of dispersed active materials. Hexagonal boron nitride (h-BN), a two-
dimensional (2D) material, has been widely studied due to its unique properties [9,10]. In
particular, h-BN exhibits excellent thermal and chemical stability, making it an attractive
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support material. However, conversely, its high stability restricts the applicability of h-BN,
because the inertness of highly stable materials hinders their modifiability. Therefore, the
structural and chemical modification of h-BN requires large amounts of energy and harsh
conditions. For example, harsh wet or plasma-etching processes, along with heat treatments
at temperatures above 900 ◦C, are required for the fabrication of etched h-BN [11–14]. This
considerably limits its application. In this study, we report a facile method for the etching
of h-BN by the nucleation and growth of metal oxide nanoparticles (NPs) with low energy
inputs. The composition of the formed oxide NPs can be precisely controlled. Furthermore,
pores can be formed on h-BN via the selective removal of oxide NPs by acid treatment of
the nanocomposites. The nanoporous structure of etched h-BN was revealed by selective
removal of MOX on the surface, resulting in the specific surface area and pore volume
being increased more than two-fold. Then, to verify the effect of the nanoporous structure,
etched h-BN was used to support the catalyst as its nanoporous structure has an advantage
in dispersing the nanoparticles.

Greenhouse gases have been restricted as part of the net-zero scheme of the Paris
Agreement adopted in the United Nations framework convention on climate change
(UNFCCC, 2015) [15,16]. Among the six major greenhouse gases, nitrous oxide (N2O) ranks
as the third most significant anthropogenic gas and is emitted from various sources, such
as agriculture, aquaculture, wastewater treatment, biomass burning, fossil fuel combustion,
and industry [17,18]. In particular, N2O has 310-times-higher global warming potential
(GWP) than that of carbon dioxide (CO2). Moreover, N2O is a harmful substance in itself,
but derivative problems should be solved. Stratospheric ozone is depleted by N2O, which
has a long lifespan of 114 years in the atmosphere [18–20]. Thus, N2O emissions should be
restricted, and the necessary technologies to achieve this have been researched [18,21,22].
We focused on N2O emissions from fossil fuel combustion, from which carbon monoxide
(CO) is also emitted. The generated CO is eventually oxidized to CO2 during combustion,
and the oxidation energy can be intentionally used for N2O removal. A representative
technology for this process is the selective catalytic reduction (SCR) of N2O with CO as
a reductant [23,24]. An optimum composition of catalysts was determined by screening
the various candidates as transition metal oxide catalysts, and Cu-Ni-based catalysts were
selected as best component. It was found that the nanoparticles were easily aggregated
because the catalysts for N2O removal were continuously used while exposed to heat [25].
To solve this problem, h-BN was not only considered to improve the dispersibility, but
was also found to be suitable for enhancing the performances of catalysts, being a material
with excellent chemical and thermal stability [26–28]. The improved dispersion of TMO
nanoparticles was observed via transmission electron microscopy for the etched h-BN-
added catalyst. The addition of h-BN increased the Cu2+ ratio to a level which was favorable
for N2O reduction, resulting in enhanced catalytic performances evaluated on a fixed bed.
N2O conversion of >99% was exhibited above 150 ◦C.

2. Results
2.1. Nanoporous Structure of Etched Hexagonal Boron Nitride

Various metals were chosen as the constituent metal elements (cations) of NPs used
for etching h-BN for the following reasons. As shown in the Ellingham diagram (Figure S1),
BN decomposition by the formation of metal oxide occurs at relatively low temperatures.
Furthermore, vanadium- and/or copper-based oxides are promising materials for envi-
ronmental catalysts [5,29–31]. The intersection in the Ellingham diagram indicates that
two different reactions can occur at the same time. Because vacancies of h-BN are gen-
erated by oxidation reactions, it is possible that etching can occur at the temperature of
the intersection. This was supported by the TGA results (Figure S2). The peaks of weight
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loss appeared at 350 ◦C for W-containing nanocomposites, which were similar to those
in the Ellingham diagram. For the catalytic etching of h-BN using metal-oxide NPs, the
calcination temperature was selected as 350 ◦C based on the Ellingham diagram and results
of thermogravimetric analysis (TGA) (Figures S1 and S2). Metal cations were impregnated
on pristine h-BN, following which the samples were calcined, as shown in Figure 1 (for
details, see Section 3), resulting in the formation of nanocomposites of metal oxide NPs
and h-BN (MOX/h-BN). In this study, pristine h-BN was catalytically etched by tungsten
oxides (MOX = WOX), and the etched h-BN was prepared and utilized.

Figure 1. Schematic of the formation of etched h-BN by metal oxide and h-BN nanocomposites
(MOX/h-BN). MOX/h-BN was prepared by impregnating metal oxide NPs onto h-BN and calcinating.
Selective removal of the metal oxide NPs from MOX/h-BN resulted in an etched h-BN structure.

Furthermore, etched h-BN sheets were obtained by the selective removal of the NPs
from the nanocomposites via acid treatment, and the presence of WOX was not observed
following X-ray photoelectron spectroscopy (Figure S3). Then, the etched and carved
surface was observed using scanning electron microscopy (SEM; Figure 2a), and the porous
structures were observed using atomic force microscopy (AFM; Figure 2b). The measured
depth and width profile showing the size of the etched area indicated the nanoporous
structure on the surface of h-BN. The morphologies and crystalline nature of the samples
were investigated using transmission electron microscopy (TEM; Figure 2c). The structure
exhibited the lattice fringes corresponding to h-BN, with a (002) d-spacing of 3.33 Å [13].
The fast-Fourier-transform (FFT) image shows a typical hexagonal pattern for the basal
plane of h-BN. The pores were also observed using TEM. Amorphous carbon films of the
TEM grid were exposed through the etched area of h-BN. The (002) plane corresponds to
26.7◦ 2θ in the X-ray diffraction (XRD) patterns (Figure 2d, JCPDS card no. 34-0421) [32].
After etching and NP removal (denoted as etched h-BN), the relative XRD peak intensities
of (100) and (101) decreased in comparison with those of the basal planes such as (002) and
(004) [10].

The Fourier-transform infrared spectra (FT-IR) showed that the intensities of the sig-
nals for B–N stretching decreased (at 1370 and 817 cm−1) and new B–N bending signals
appeared (below 800 cm−1) after etching and NP removal (Figure 2e). Dangling bond
signals for B–OH, N–OH, and N–H also appeared at 1104, 1642, and 1664 cm−1, respec-
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tively [33]. This showed the formation of the pores because these bonds were exposed
on the surface of the etched h-BN after NP removal, whereas pristine h-BN lacks these
bonds. These results indicate that the B–N bond vibration modes changed from stretching
to bending [9], and that more dangling bonds were generated owing to additional pore
formation resulting from catalytic etching. The Brunauer–Emmett–Teller (BET)-specific
surface areas for pristine h-BN and etched h-BN were 14.1 and 39.8 m2·g−1, respectively
(Table S1). The N2 adsorption–desorption isotherms are classified as type IV (as designated
by the International Union of Pure and Applied Chemistry (IUPAC)), and the measured
hysteresis loops are classified as a mixture of H1-type for cylindrical pores and H3-type for
irregular pores between layers in 2D materials (Figure 2f) [34]. Moreover, the etched h-BN
had larger pore volumes than the pristine h-BN when examining Barrett–Joyner–Halenda
(BJH) pore distribution due to the generated porous structures (Figure 2g). Furthermore,
increases in specific surface area and pore volume occurred regardless of the type of metal
precursor (Figure S4).

Figure 2. Characterization of the nanoporous structure of etched h-BN. (a) SEM image, (b) AFM
image for etched h-BN showing the depth and width profile along the dotted line (inset), and (c) TEM
images for porous h-B with fast-Fourier-transformation (FFT) imagery for the etched area (upper left);
FFT image (upper right) and a more magnified image (lower right) of the unetched area. (d) X-ray
diffraction patterns in the 2θ range from 10◦ to 80◦, (e) FT-IR spectra in the wavenumber range of
2000–400 cm−1, (f) BET hysteresis curves based on N2-adsorption–desorption, and (g) BJH pore
distribution of pore volume measured on BET for pristine h-BN and etched h-BN.
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UV–vis measurements showed that absorption occurred at 202 nm in common h-BN,
and etched h-BN showed a distinct new peak at 225 nm in comparison with pristine h-BN
(Figure 3a). Through Tauc plot transformation, the etched h-BN had an energy of 5.61 eV
corresponding to the band gap (Eg) and a new energy level of 4.26 eV presumed by the
generated defect owing to surface etching (Figure 3b). The photoluminescence (PL) of the
samples was measured via excitation using a laser at a wavelength of 213 nm. The peak
at 221 nm corresponded to an Eg of 5.61 eV. The PL spectra (Figure 3c) show that after
etching and selective removal of metal oxide NPs, one distinct peak appeared at 291 nm
(corresponding to 4.26 eV) that corresponds to the defect levels generated by the additional
B-vacancy (denoted as VB) formations [35–37]. When a laser with a wavelength of 266 nm
was used for the excitation (Figure 3d), the spectrum for etched h-BN had a peak at 501 nm
(2.48 eV) corresponding to VB and oxygen levels for the N-vacancy (denoted as ON) [36,38].
This phenomenon was academically supported by DFT calculation, suggesting that the
B-vacancy was preferentially generated on the surface of h-BN [35]. The PL spectrum
(excited at 213 nm) for the metal oxides and h-BN nanocomposites without selective metal
oxide NP removal (denoted as MOX/h-BN) shows only one peak at 222 nm (5.586 eV),
which corresponds to the band-gap energy of h-BN (≤380 nm). Furthermore, the vacancies
were generated solely by the etching process, and not acid treatment (Figure S5). The
investigated XPS spectra indicated that no peak shift occurred after HCl treatment, whereas
a distinct peak shift occurred for etched BN. In the case of 266 nm excitation, the relative
PL peak intensity of MOX/h-BN was lower than those of the pristine and etched h-BNs.
These PL spectra suggest that the defect sites of pristine h-BN are the nucleation sites of the
metal oxides, and that the etching of h-BN simultaneously occurred via the formation of
the metal oxide NPs [9]. This simultaneous etching of h-BN and the formation of metal
oxide NPs is in agreement with the Ellingham diagram (Figure S1).

200 400 600 800 1000

Ab
so

rb
an

ce
 (a

.u
.)

wavelength (nm)

 Pristine h-BN
 Etched h-BN
 MOx/h-BN

200 250 300

22
5

202

2 3 4 5 6

(a
hv

)2  (a
.u

.)

hv (eV)

300 400 500 600 700 800

PL
 in

te
ns

ity
 (a

.u
.)

wavelength (nm)

 Pristine h-BN
 Etched h-BN
 MOx/h-BN

501 (VBON)

340

CBCN, VN

phonon 
replica

210 240 270 300 330 360 390 420

PL
 in

te
ns

ity
 (a

.u
.)

wavelength (nm)

 Pristine h-BN
 Etched h-BN
 MOx/h-BN

221 (Eg, 
5.61 eV)

26
6 

(C
N
, O

N
)

291(VB, 4.26 eV)

(a) (b)

(c) (d)

Figure 3. (a) Absorbance measured on UV–vis spectrum resulting in (b) a Tauc plot for etched
h-BN. Photoluminescence (PL) spectra based on laser excitation at a wavelength of (c) 213 nm and
(d) 266 nm, respectively, for pristine h-BN, etched h-BN, and nanocomposites of transition metal
oxides and h-BN (MOX/h-BN).
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2.2. Catalyst for N2O Conversion

To verify the effect of the nanoporous structure, etched h-BN was used to support the
catalyst, seeing as a nanoporous structure has an advantage in dispersing nanoparticles. The
morphologies and crystalline nature were observed via transmission electron microscopy
(TEM). First, the nanoparticles on the support were observed, and their average diameter
was 2.13 mm for Cu/TiO2 (Figure 4a). In X-ray diffraction patterns, peaks appeared at 25.3◦

and 48.2◦, corresponding to the (101) and (200) planes for TiO2 (JCPDS card no. 21-1272;
Figure S6), respectively. A peak assigned to the (002) plane of hexagonal boron nitride
appeared at 26.8◦ (JCPDS card no. 34-0421). The absence of peaks assigned to CuOx
indicates that nano-sized CuOx particles were highly dispersed on the TiO2 support [39].
The presence of CuOx was observed in a high-angle annular dark-field (HAADF) image [40].
A particle on the edge of h-BN had three lattice fringes (Figure 4b). These lattice fringes
corresponded to 2.10 Å for the (111) and 2.25 Å for the (200) crystallographic plane of
CuO [41–43]. Moreover, d-spacing of 1.98 Å corresponded to the (111) crystallographic
plane of NiO [44]. The simultaneous presence of both CuO and NiO on the same particle
was observed in the HAADF images.

The optimum composition of the catalysts was determined by screening the various
candidates as transition metal oxide catalysts (Figure S7). Especially for CuNi/TiO2, a
N2O conversion of 61.7% was exhibited at 225 ◦C, and continued to increase up to 99.8%
at 400 ◦C. The shift in T50 for CuNi/TiO2 was a remarkable change in comparison to Cu-
only/TiO2 and Ni-only/TiO2. Therefore, we selected CuNi/TiO2 as the best component
for the catalyst; thereafter, catalysts were synthesized with various contents of Cu and
Ni (Figure 4c). T50 appeared at the following temperatures: 175 ◦C (for 3Cu7Ni/TiO2),
225 ◦C (for 5Cu5Ni/TiO2), 250 ◦C (for 7Cu3Ni/TiO2), and 400 ◦C (for 1Cu9Ni/TiO2,
Cu-only/TiO2, and Ni-only/TiO2). Among them, 3Cu7Ni/TiO2 (SBET of 71.86 m2·g−1;
Table S2), which exhibited the highest efficiencies in N2O conversion over all evaluation
temperatures, achieved 75.2% at 175 ◦C and 100% at 400 ◦C, owing to the lowest activation
energy (Ea) of 31.75 kJ·mol−1 (Figure 4d). 3Cu7Ni/TiO2 with the addition of pristine h-BN
(SBET of 63.78 m2·g−1) exhibited improved N2O conversion, while the etched h-BN-added
catalyst (SBET of 78.19 m2·g−1) exhibited a further increased N2O conversion of 93.5% and
N2 selectivity of ~100% at 125 ◦C (Figures 4e and S8a). In a comparison of 3Cu7Ni/TiO2

with/without pristine BN, the increased performances indicated the chemical influence
of TiO2 support dilution and BN composition. Furthermore, for catalysts with pristine
BN and/or etched BN, the results show the structural influence of porosity. The catalyst
durability and improved performances on etched-BN incorporation were confirmed by the
results of a consistent N2O conversion over ~99% for 10 h in long-term tests (Figure 4f),
with the turnover frequency value calculated at 0.823 h−1 (Figure 4g). The results of
the blank test for pristine BN and etched BN without active metal oxides indicated that
prepared h-BN only served sites with dispersed active materials as a support for catalysts
(Figure S8b,c).

Cu- and/or Ni-contained catalysts were investigated using X-ray photoelectron spec-
troscopy to determine the oxidation states of transition metal oxides. The deconvoluted
XPS narrow scan spectra of Cu 2p and Ni 2p were shown in Figure 4h,i, and the quanti-
tatively calculated value was displayed in Figure 4j. Copper exists in various oxidation
states, which appeared as Cu2+ 2p1/2 (954.11–953.50 eV), Cu1+ 2p1/2 (952.21–950.89 eV),
Cu2+ 2p3/2 (932.54–932.52 eV), and Cu1+ 2p3/2 (931.79–931.08 eV) [45]. For 3Cu7Ni/TiO2,
the presence of Cu2+ was not observed. Here, the ratio of Cu2+ increased to 37.16% for
catalysts with pristine h-BN, and it further increased up to 56.26% following the addi-
tion of etched h-BN. Among these oxidation states, Cu2+ has the most preferable redox
ability for N2O conversion [46]. In the case of Ni 2p, three species appeared as satel-
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lites, namely Ni3+, Ni2+, and Niδ+. Among them, Ni3+ 2p1/2 appeared in a range of
874.83–873.64 eV, and 856.45–856.27 eV for Ni3+ 2p3/2 [47,48]. Regardless of the other
components, the Ni-containing catalyst exhibited similar Ni3+ ratios. Ni2+ appeared in a
range of 872.95–872.22 eV for Ni2+ 2p1/2, while appearing in a range of 855.21–855.04 eV
for Ni2+ 2p3/2. For 3Cu7Ni/TiO2, the ratio of Ni2+ was calculated as 26.77%, and this
increased to 31.05% for 3Cu7Ni/TiO2 with the addition of pristine h-BN. The addition
of etched h-BN further increased the Ni2+ ratio up to 35.88%. The high Ni2+ ratio also
positively assisted the electron transfer of Cu2+ during N2O conversion.

Figure 4. (a) Morphologies of 3Cu7Ni/TiO2 with etched h-BN catalyst from the scanning-TEM
(STEM) images with particle size histogram (inset), and (b) high-resolution image with fast Fourier
transformation (FFT; inset). (c) N2O conversion of 3Cu7Ni/TiO2 catalyst series with various com-
ponents under gaseous conditions of [N2O] = 180 ppm, [CO] = 540 ppm, [N2] = balance, and
GHSV = 60,000 h−1 over the temperature range of 100–400 ◦C, and (d) calculated activation energy
for N2O conversion reaction. (e) N2O conversion under the same gaseous conditions with (c) for
3Cu7Ni/TiO2 catalyst with/without pristine h-BN and etched h-BN. (f) Long-term stability tests
and (g) calculated turnover frequencies at 150 ◦C. Deconvoluted (h) Cu 2p and (i) Ni 2p spectra
of X-ray photoelectron spectroscopy resulting in (j) the calculated ratio of oxidation states for the
3Cu7Ni/TiO2 catalyst with/without pristine h-BN and etched h-BN.
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Catalytic reducibility could be inferred from hydrogen-temperature-programmed-
reduction (H2-TPR) profiles of the synthesized catalysts over the temperature range of
100–500 ◦C (Figure S9a). For Cu-only/TiO2, peaks appeared at 161, 196, and 354 ◦C, which
corresponded to Cuα (assigned to dispersed CuO species), Cuβ (assigned to CuO-support
species), and Cuδ (assigned to bulk CuO species), respectively [49–51]. The temperature
of the Cuα peak shifted from 161 ◦C to 140 ◦C for 3Cu7Ni/TiO2 and 3Cu7Ni/TiO2 with
the addition of etched h-BN, along with the disappearance of Cuδ. The amount of H2

consumption increased from 0.43 to 0.61 mmol·g−1 by comparing Cu-only/TiO2 with
3Cu7Ni/TiO2, and it further increased up to 0.84 mmol·g−1 by the addition of h-BN
(Table S3). The shift in temperature vertex and increased H2 consumption indicates that the
reduction in dispersed CuO species was largely driven by the low energy input. In the case
of Ni-only/TiO2, a peak at 300 ◦C was deconvoluted as three species. Niα species resulted
from the reduction from Ni3+ to Ni2+ of Ni2O3, and Niβ species appeared following the
interaction between NiO and TiO2 support. Niγ corresponded to the reduction from Ni2+ to
Ni0 of NiO [52,53]. The total amount of H2 consumption for Ni species increased from 1.07
to 1.32 mmol·g−1 following the addition of Cu, which was 1.29 mmol·g−1 for 3Cu7Ni/TiO2

with etched h-BN. Among the various Ni species, the amounts of H2 consumption for Niβ
decreased from 0.63 to 0.34 mmol·g−1 following the addition of Cu and h-BN, and this
increased from 0.19 to 0.32 for Cuγ. These results indicated that NiO interactions with TiO2

support affected NiO interactions with the dispersed CuO species (denoted as Cuα), and
the addition of etched h-BN enhanced the interaction between NiO and CuO. The increased
ratios of Cu2+ and Ni2+ were in agreement with the XPS results. In the Cu-Ni system, the
high ratios of Cu2+ and Ni2+ were the main factors, because the redox reaction occurred
from Cu2+–Ni2+ to Cu1+–Ni3+ for N2O conversion [54,55]. Also, the low energy input for
the reduction indicated an easy electron transfer; this excellent reducibility enhanced the
N2O decomposition performances.

CO-temperature-programmed-desorption (CO-TPD) profiles of the catalyst were in-
vestigated to observe the behaviors of CO on the catalysts over a temperature range of
50–800 ◦C (Figure S9b). The amount of CO desorption for Cu/TiO2 was calculated as
0.69 mmol·g−1 and 0.91 for Ni-only/TiO2 (Table S4). The CO-adsorption capacity of Ni-
only/TiO2 was more favorable than that of Cu-only/TiO2. Although the amounts of
CO desorption decreased to 0.67 mmol·g−1 for 3Cu7Ni/TiO2, those recovered up to 0.89
with the addition of etched h-BN. The adsorption/desorption behaviors of CO were more
active on the surface of NiO than CuO; thus, the levels of CO desorption decreased in
the mixed system of Cu-Ni when comparing Ni-only/TiO2. The activities of CO adsorp-
tion/desorption recovered because the NiO nanoparticles were highly dispersed by the
addition of etched h-BN. In particular, peaks at relatively low temperatures were assigned
CO desorption from highly dispersed NiO nanoparticles, while those at relatively high
temperatures were assigned desorption from terrace sites [56]. Therefore, for 3Cu7Ni/TiO2

with etched h-BN, the largest amounts of CO desorption were caused by the improved dis-
persion of NiO nanoparticles on the surface of h-BN and TiO2. Fourier-transform infrared
(FT-IR) spectra were investigated in a range of 2000–800 cm−1 for the catalysts (Figure S9c).
For 3Cu7Ni/TiO2 with etched h-BN, a peak at 1401 cm−1 corresponded to in-plane stretch-
ing vibrations of the B–N bond, and out-of-plane vibrations of the B–N–B bond appeared
at 817 cm−1 [57]. Also, peaks at 1113 and 1043 cm−1 were found corresponding to M–OH
and M–O–M, respectively, and transmittances of those peaks was highest for 3Cu7Ni/TiO2

with etched h-BN [58]. The highest intensities indicated that more transition metal oxide
nanoparticles were exposed than for the other catalysts.
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3. Materials and Methods
3.1. Materials

All solid reagents except titanium dioxide powder (TiO2, >85%, NANO Co., Ltd.,
Sangju, Republic of Korea) were purchased from Sigma-Aldrich (St. Louis, MO, USA):
hexagonal boron nitride powder (h-BN, 98%); ammonium metavanadate (NH4VO3,
99.95%); ammonium metatungstate hydrate ((NH4)6[H2W12O40]·nH2O, 99.99%); copper(II)
nitrate trihydrate (Cu(NO3)2·3H2O, 99.9%); nickel(II) nitrate hexahydrate (Ni(NO3)2·6H2O,
98.5%); cobalt(II) nitrate hexahydrate (Co(NO3)2·6H2O, 98%); manganese(II) nitrate tetrahy-
drate (Mn(NO3)2·4H2O, 99.99%); and cerium nitrate hexahydrate (Ce(NO3)2·6H2O, 98%).
Anhydrous ethanol (C2H5OH, 99.9%, hydrochloric acid (HCl, 35%), and ammonia hydrox-
ide (NH4OH, 30%) were purchased from Daejung Chemicals and Metals Co., Ltd. (Siheung,
Republic of Korea). All the reagents were used without further purification.

3.2. Etched h-BN from Nanocomposites of Metal Oxides and h-BN (MOX/h-BN)

First, the metal precursors were dissolved in anhydrous ethanol. Similarly, h-BN
powders were dispersed in anhydrous ethanol by sonication for 1 h. Thereafter, the metal
precursor solution and the h-BN suspension were mixed under stirring for 1 h. The
mixed suspension was dried at 60 ◦C in an oil bath and the obtained powder was ground.
Finally, the metal oxide and h-BN nanocomposites (MOX/h-BN) were availed by stepwise
calcination of the ground powder at 350 and 400 ◦C for 3 and 5 h, respectively. The obtained
MOX/h-BN powder was dispersed and stirred for 30 min in hydrochloric acid (reagent as
is, without dilution) for the selective removal of metal oxide NPs. A white powder was
obtained upon filtering and washing in distilled water three times. The final etched h-BN
was availed by drying the powder at 60 ◦C overnight.

3.3. Catalyst for N2O Decomposition

The metal precursor (M = Cu, Ni, Mn, Co, and/or Nb) was dissolved in anhydrous
ethanol. TiO2 and/or h-BN (pristine or etched h-BN) were dispersed by sonication for
30 min. Thereafter, the transition metal precursor solution and the TiO2 powder suspension
were mixed under stirring for 1 h, and ammonia hydroxide was added to reach pH 10 for
the mixed suspension. Dried powder was obtained by the evaporation method in an oil
bath at 60 ◦C. The ground powder was calcined at 400 ◦C for 5 h. The synthesized catalyst
powder was named MOX/TiO2, which contained approximately 10 wt.% of metal oxides
in the total catalyst (hereafter M1/TiO2). In the case of a two-component system catalyst,
the metal oxide content was 5 wt.% in the total catalyst (hereafter M1M2/TiO2). Also, the
added h-BN catalyst replaced 10 wt.% of TiO2 (hereafter M1M2/TiO2 with pristine h-BN or
etched h-BN).

3.4. Characterization

The morphologies were observed using scanning electron microscopy (SEM; SU8000,
Hitachi, Tokyo, Japan), transmission electron microscopy (TEM; JEM-2100, JEOL Ltd.,
Tokyo, Japan), and atomic force microscopy (AFM; Park XE100, Parks Systems, Gwacheon,
Republic of Korea). The structural properties of the samples were confirmed using X-ray
diffraction (XRD) patterns measured on an Ultima IV (Rigaku, Tokyo, Japan) with Cu Kα

radiation (λ = 1.5406 Å) in the 2θ range 10–80◦ at a scan rate of 3◦ per minute. Brunauer–
Emmet–Teller (BET) surface area, pore volume, and pore diameter of the obtained samples
were measured on an ASAP 2023 (Micromeritics Instrument Crop, Norcross, GA, USA)
with flowing N2 gas after a degassing pretreatment at 150 ◦C for 4 h. Fourier-transform
infrared spectroscopy (FT-IR) analysis was performed on a Vertex 80v (Bruker, Billerica,
MA, USA) to investigate the acid sites of the samples. Attenuated total reflectance (ATR)
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was conducted in the range of 4000–400 cm−1, with 256 scan times, using pellets composed
of 0.16 g KBr and 0.001 g of the sample. The defect levels were investigated by measuring
photoluminescence (PL) with 213 nm and 266 nm excitation lasers (F-7000, Hitachi, Tokyo,
Japan). The various chemical states of the samples were scanned using X-ray photoelectron
spectroscopy (XPS) on a K Alpha+ (Thermo VG Scientific, Waltham, MA, USA) with an
Al Kα radiation source and a 0.1 eV energy step size. The samples were prepared by
pre-treating those in a vacuum oven at 60 ◦C for 24 h to avoid moisture interference. NH3-
temperature-programmed desorption (NH3-TPD) was performed to determine the number
of acid sites by desorbing NH3 using an AutoChem II 2920 instrument (Micromeritics
Instrument Crop, Norcross, GA, USA). For NH3-TPD, the samples were pretreated in N2

gas at 150 ◦C for 4 h, and then NH3 was adsorbed by passing 10% NH3/He gas at 150 ◦C
for 1 h. Then, NH3-TPD was investigated during the temperature increase from 100 to
600 ◦C. Using the same equipment, H2-temperature-programmed reduction (H2-TPR) was
also carried out to confirm the reduction ability by passing 10% H2/Ar gas at temperatures
in the range of 100–600 ◦C.

3.5. Catalytic Activity Test

Catalytic activity was tested on a fixed bed under the following gas conditions:
180 ppm of N2O, 540 ppm of CO, and 2% (v/v) of O2 (when used). N2 was used to
maintain the total flow rate of 500 mL·min−1. All gases were precisely regulated using
a mass flow controller (MFC, 5850E, Hatfield, PA, USA) The concentrations of the gases
were detected using a CX-4000 (Gasmet Technologies Oy, Vantaa, Finland) and O2-analyzer
(Oxitech-5000, Enotech, Dieburg, Germany). After the bypassed gas stream was stable,
it was passed through the reactor. The synthesized catalysts were tested under a gas
hourly space velocity (GHSV) of 60,000 h−1. N2O conversion, N2 selectivity efficiency, and
turnover frequency were calculated using Equations (1)–(3):

N2O conversion (%) =
[N2O]in − [N2O]out

[N2O]in
× 100 (1)

N2 selectivity (%) =
[N2O]in − [N2O]out −

[
NOx(=1,2)

]
out

[N2O]in − [N2O]out
× 100 (2)

TOF (h−1) =

(
FN2O

)
× (N2O conversion)× (N2 selectivity)

(R)× (T)× (molCu)
× 100 (3)

4. Conclusions
Herein, we report the catalytic etching of h-BN via the formation of metal oxide NPs

on h-BN. Furthermore, etched h-BN was also obtained via selective removal of the NPs
formed on h-BN, demonstrating that structural modifications of high-stability materials
such as h-BN can be achieved with a low energy input using catalytic etching. This facile
method indicated versatility by verifying the possibility of using various metal precursors.
The nanoporous structure of etched h-BN was visually observed via microscope, and the
specific surface area increased from 14.1 to 39.8 m2·g−1 with a large pore volume. Also, the
results of optical spectroscopy indicated that the new defect level was generated due to
B-vacancies. In particular, the relative PL peak intensity of MOX/h-BN hardly appeared in
comparison with the pristine and etched h-BNs. These PL spectra suggest that the defect
sites of pristine h-BN can be the nucleation sites of the metal oxides, and that the etching
of h-BN simultaneously occurred via the formation of the metal oxide NPs. The etched
h-BN was used to support the catalyst because its nanoporous structure has an advantage
in dispersing the nanoparticles. The catalyst containing etched h-BN exhibited a high
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N2O conversion performance over a wide temperature range of 150–400 ◦C. XPS results
indicated that the high catalytic performance of 3Cu7Ni/TiO2 with etched h-BN can be
attributed to using the highest ratio of Cu2+. It is expected that other transition metal
oxides, in addition to the metal oxides demonstrated in this study, could also be formed
on h-BN or other 2D materials using our method. Therefore, nanocomposites with many
compositional and structural degrees of freedom can be used for diverse catalytic reaction
systems. Furthermore, nanoporous pure h-BN sheets prepared by selective NP removal
from nanocomposites can be utilized in various technological fields.
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and (c) blank test with only h-BN. Figure S9. (a) Hydrogen-temperature-programmed-reduction
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XPS X-ray photoelectron spectroscopy
NH3-TPD NH3-temperature-programmed desorption
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