IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Dispersed Cu,0 Octahedrons on h-BN Nanosheets for p-Nitrophenol

Reduction

Caijin Huang, Weiging Ye, Qiuwen Liu, and Xijaoqing Qiu*

Research Institute of Photocatalysis, State Key Laboratory of Photocatalysis on Energy and Environment, College of Chemistry,

Fuzhou University, 523 Gongye Road, Fuzhou 350002, China

© Supporting Information

ABSTRACT: We demonstrate here that two-dimensional boron nitride (h- p-nitrophenol
BN) nanosheets can be employed as a robust supporting substrate to
incorporate function metal oxides. The Cu,O@h-BN composites are thus
obtained by dispersing Cu,O octahedrons on the surfaces of h-BN
nanosheets. The —OH and —NH groups on the surfaces of h-BN nanosheets
are found to be beneficial for anchoring Cu,O octahedrons. Moreover, the
Cu,O@h-BN composites exhibit superior activity for the reduction of p-
nitrophenol to pure Cu,O crystals and h-BN nanosheets. The h-BN
component in the composites plays a critical role in the formation and
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adsorbing of the p-nitrophenolate ions, and, at the same time, Cu,O

components react with brohydride ions and transfer a surface hydrogen species and electrons, resulting in the reduction of p-
nitrophenol into p-aminophenol. Our results provide a new approach for the rational design and development of metal oxides
composites and open the way to a range of important applications of h-BN-based materials.
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B INTRODUCTION

Nowadays, metal oxides are undoubtedly one of the most
widely investigated functional materials due to their variety of
structures and properties, and their technological applica-
tions.' ™ However, the strong interactions of the oxides
particles, especially for their nanostructured counterparts,
cause them to clump and aggregate,4 thereby deteriorating
the relevant properties. Accordingly, dispersing metal oxide
particles on various supporting substrates is regarded as a very
promising approach for preventing the interparticle aggrega-
tion.>"'" For instance, Sarkar et al. summarized the polymer-
supported metals and metal oxides and concluded that the
many shortcomings can be overcome by appropriately
dispersing the functional particles into polymeric/biopolymeric
host materials.” Reddy and Ramaprabhu demonstrated that
multiwalled carbon nanotubes served as a good supporter to
disperse metal oxides for the supercapacitor application.®
Recently, Tour and his co-workers reported that the sintering
and aggregation of Fe,O; nanoparticles can be effectively
inhibited even during the high temperature treatment (800 °C)
by dispersing the Fe,O; nanoparticles on graphene sheets.’
Among these various substrates, two-dimensional supporters
are appealing candidates because they provide a platform for
attaching the particles and endowing the “naked” particle
surface with high active sites.'” Two-dimensional hexagonal
boron nitride (h-BN) nanosheet, a structural analogue of
graphene, is a robust substrate due to its advantages of
atomically smooth surfaces, transparency, nontoxicity, and
structural stability."”*~'> Many elaboration works have been
devoted to the properties and potential application of h-BN
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nanosheet such as electrical resistance, thermal conductivity,
catalytic activity, and optoelectronic properties."®™>> Surpris-
ingly, as compared to the signiﬁcant progress achieved in the
graphene-based materials,”>~*° the h-BN-supported composites
have been lingering far behind. Along with the recent progress
in exfoliation and stabilization of h-BN nanosheets,***” various
efforts have been made to incorporate the h-BN nanosheets
with other materials, primarily focusing on noble metal
nanoparticles.”®* From the viewpoint of both basic science
and technological applications, it is therefore highly desirable to
develop a simple and effective method for dispersing the
functional metal oxides on the h-BN nanosheets. This move
would not only shed light on our mechanistic understanding of
chemical formation of the composites in general, but also allow
us to better integrate these merits of h-BN and metal oxides in
advanced device design and practical applications.

In particular, cuprous oxide (Cu,O) is a well-known
functional material and widely investigated for its potential
application in catalysis,*® biocides,”" gas sensors,>” solar energy
photovoltaics,®® and lithium-ion batteries.>*>* It is reported that
the Cu,O clusters with Cu(I) specially dispersed on the
surfaces of TiO, endow the resulting composites with the
antimicrobial properties and the efficient visible-light photo-
oxidation of volatile organic compounds.®® In addition, it has
been also demonstrated that enhancement of photocatalytic
activity and stability can be achieved by dispersing Cu,O
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particles on the graphene oxide.””~*’ Recently, our group has

successfully exfoliated the bulk h-BN into few-layer nanosheets
based on the matching of the surface energies of h-BN and the
surface tension of the solvent, which can be used as good
carriers to disperse noble metal nanoparticles, such as Ag, Au,
and Pt* Subsequently, the h-BN nanosheets are highly
expected to support the functional oxides particles, which
opens the way to a range of important applications of h-BN-
based materials. Herein, we attempted to disperse the Cu,O
octahedral on the h-BN nanosheets, and investigated the
teasibility of using the obtained Cu,O@h-BN composites as
catalysts for the reduction of p-nitrophenol to p-aminophenol.
Generally, p-nitrophenol is one of the most common organic
pollutants in the water that originates from agricultural and
industrial sources, while p-aminophenol is an important
intermediate for pharmaceuticals. Thus, the conversion of
nitro group to amino group has great industrial relevance. It is
found that the Cu,O@h-BN composites show promising
efficiency in the reduction of p-nitrophenol to p-aminophenol.

B EXPERIMENTAL SECTION

Sample Preparation. The synthesis of the h-BN powder was
reported in our previous work.*' In a typical procedure, boric acid and
urea with a molar ratio of 1:24 were fully dissolved in 40 mL of
ultrapure water, which was dried at 65 °C to form a white precursor.
The resulting precursor was subjected to heat treatment in a tube
furnace up to 900 °C for 5 h in a N, atmosphere. The pyrolytic
product was sufficiently washed with dilute hydrochloric acid and
absolute ethanol, dried in air at ambient temperature, and ground into
powder using an agate mortar.

To prepare Cu,O@h-BN composites, 20 mg of the as-obtained h-
BN powder was first dispersed into 100 mL of ultrapure water by
ultrasonication for 30 min to give a white suspension. One milliliter of
CuCl, aqueous solution (0.05 M) was then added into 9 mL of the
above h-BN suspension under magnetic stirring for 20 min.
Subsequently, 1 mL of NaOH aqueous solution (0.5 M) was added
into the mixture with stirring. After further stirring for 30 min, 1 mL of
0.1 M glucose solution was added into the above suspension. The
reaction was then heated at 50 °C until the formation of a brick red
dispersion. The products were washed several times with water, and
dried at 70 °C in an oven. For comparison, pure Cu,O was also
prepared by the same procedure without the addition of h-BN
suspension.

Sample Characterization. The phase structural charateristics of
the samples were investigated by powder X-ray diffraction (XRD)
patterns at room temperature on a PANalytical X'Pert spectrometer
using Co Ka radiation (4 = 0.1788 nm), and the data were changed to
Cu Ka data. The Fourier transform infrared spectroscopy (FT-IR)
analyses were performed on a nicolet 670 FT-IR spectrometer, using a
KBr pellet technique. Raman spectroscopy was carried out on a
Renishaw inVia Raman Microphrobe at 532 nm laser excitation. The
X-ray photoelectron spectroscopy (XPS) was collected on a
SHIMADZU (Amicus), using Mg Ka X-ray as an excitation source
(1486.8 eV). The morphologies and microstructures of the samples
were investigated by field emission scanning electron microscopy
(FESEM) on a Hitachi New GenerationSU8010 apparatus and
transition electron microscopy (TEM) on a TECNAI F30 instrument
under an acceleration voltage of 200 kV.

Catalytic Activity Test. Typically, S mL of p-nitrophenol aqueous
solution (200 ppm) and S mL of freshly prepared aqueous NaBH, (0.1
M) were successively added into 70 mL of deionized water in a beaker,
stirring constantly for all of the experiments. Next, 10 mg of catalysts
was added into the mixture. The concentration of p-nitrophenol in the
supernatant was monitored by the UV—visible absorption spectra
recorded on a Cary-50 UV—visible spectrometer (Cary 50, VARIAN).
For recycling experiment, the catalysts were collected by membrane
filtration after the reaction, dried at 70 °C, and then reused.

Bl RESULTS AND DISCUSSION

Figure la gives the XRD patterns of the as-obtained BN
powder. As can be seen, the d-spacings of the diffraction peaks
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Figure 1. XRD patterns of the samples: (a) h-BN, (b) Cu,O, (c)
Cu,O@h-BN composites.

of our synthesized samples match well with the standard data
for bulk h-BN with a layered structure (JCPDS card no. 85-
1068), except for the apparent peak broadening due to its low
crystallinity. Moreover, as shown in Figure 1b, the diffraction
peaks of Cu,O can be easily indexed to a pure cubic phase of
cuprous oxide (JCPDS card no. 77-0199). The intense and
sharp peaks indicate the high crystallinity of Cu,O sample.
After incorporation of Cu,O and h-BN, it could be clearly
found the close resemblance of the XRD patterns of the
composites to that of pure Cu,O (Figure 1c). However, the
typical diffraction peaks corresponding to the h-BN appear to
be negligible in the composites, due to its relatively weak
diffraction intensity and good exfoliation of the h-BN
nanosheets in the composite during the synthesis procedure
with the assistance of ultrasonication, which will be described
later.

Considering the detection limit of XRD measurement, the
infrared spectra of samples were investigated to obtain the
further chemical component information. Figure 2a gives the
FTIR spectra of h-BN, Cu,0, and Cu,O@h-BN composites.
The FTIR spectrum of h-BN alone contains two characteristic
absorption bands at 1380 and 780 cm ™', which correspond to
the in-plane B—N stretching mode (E,,) and the plane B—-N—
B bending mode (A,,), respectively.*** It is also noted that the
broad absorption bands centered at 3400 and 3185 cm™ were
observed, which can be assigned to the surface residual bonded
OH and NH groups,*’ respectively. Pure Cu,0 sample shows a
diagnostic intense Cu—O vibration band located at 630
em™'.** In the case of Cu,O@h-BN composites, the FTIR
spectrum displays the evident absorption peaks in the range of
1700—700 cm™, similar to the h-BN, besides the presence of
the Cu—O vibration band of Cu,O. Additionally, as compared
to the spectrum of h-BN, the intensity of the absorption peaks
corresponding to surface —OH and —NH groups has a
significant decrease in the Cu,0O@h-BN composites, implying
that the surface —OH and —NH groups can serve as the active
sites to attach Cu,O particles on the h-BN nanosheets.
Moreover, Raman spectroscopy was next used to get the
microstructure details due to its high sensitivity and non-
destructive nature. As shown in Figure 2b, it is clear that h-BN
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Figure 2. (a) FTIR spectra and (b) Raman spectra of the as-obtained
samples. Inset: The enlarged spectra. (c) N Is and B 1s core-level
spectra of the Cu,O@h-BN composites, (d) O 1s and Cu 2p core-level
spectra of the Cu,O@h-BN composites.

powder sample shows one prominent characteristic peak at
about 1375 cm ™', which can be assigned to the high-frequency
E,, vibrating mode of h-BN.** In contrast to bulk h-BN,* this

Ey; mode is broadened and shifted to higher wavenumber,

suggesting that our h-BN sample was poorly crystallized,*’
which might be beneficial for the exfoliation under the
ultrasonication. In addition, the Raman spectrum of Cu,O
shows the diagnostic phonon frequencies of the cubic structure
with a space group of Pn3m. The strong peak at 220 cm™'
corresponds to the second-order Raman active mode of the
Cw,O crystals, while the shoulder peak at 151 cm™ can be
ascribed to Raman scattering from phonons of symmetry.*>*’
Furthermore, two relatively weak vibration dynamic peaks at
412 and 615 cm™ are attributed to the I';_; Raman mode of
Cu,0.>° Obviously, the characteristic Raman spectral signatures
of both h-BN and Cu,O are presented in the Cu,O@h-BN
composites, demonstrating the efficient incorporation of Cu,O
and h-BN. Very interestingly, the E,, mode of h-BN
component of the composites is located at 1367 cm™'. As
compared to that of h-BN powder samples, an 8 cm™
downshift is found in the composites (inset of Figure 2b),
suggesting the existence of a strong interaction between the h-
BN and Cu,O. Such interaction leads to a small elongation of
B—N bond length, resulting in the shifting of the active E,
mode to lower wavenumbers.*®

XPS was further employed to investigate the compositions
and element chemical states of the samples. Supporting
Information Figure S1 shows the XPS survey spectrum of the
as-obtained Cu,O@h-BN composites, specifying the presence
of B, N, Cu, O, and C elements in the samples. On the basis of
the XPS measurement, the content of h-BN in the composites
was roughly determined to be 24 wt %. High-resolution XPS
spectra of B 1s and N 1s are shown in Figure 2c. The peak at
190.6 eV in B s spectra is assigned to B—N bonds,”" while a
shoulder of 191.6 eV comes from B—O bands formed by B-site

0.259

nm

Figure 3. (a) SEM images of Cu,O, (b) SEM images of Cu,O@BN composites, (c) TEM images of Cu,O@BN composites, and (d) the

corresponding HRTEM images.
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Figure 4. (a) Evolution of UV—vis spectra during p-nitrophenol reduction over Cu,O@h-BN composites. (b) Comparative study of the conversion
of p-nitrophenol as a function of reaction time with excess amount of NaBH, over various catalysts: without catalysts, h-BN nanosheets, pure Cu,0O,

and Cu,O@h-BN composites.

hydroxylation,*" consistent with our above FTIR and Raman
analysis. The N 1s core-level XPS spectrum shows a strong
photoelectron signal at 398.2 eV, in agreement with literature
values for N°~ in BN layers.>>>* As illustrated in Figure 2d, the
O 1s spectrum consists of two unresolved peaks located at
530.3 and 531.6 eV. The predominant peak at 530.3 eV
corresponds to O in the Cu,O crystal,>* while the peak at the
higher energy of 531.6 eV is attributed to the oxygen species on
the surface of Cu,0.°>*® The Cu 2p core-level spectrum shows
two intense peaks at 932.2 and 952.1 eV, which can be assigned
to Cu 2p;/, and Cu 2p,,, spin—orbital components of Cu(I)
specials, respectively,”” whereas the satellite peaks associated
with Cu(II) species are rather weak,* suggesting the slight
surface oxidation in air under ambient conditions. Therefore,
these experimental results demonstrate the successful prepara-
tion of chemical-coupling Cu,O@h-BN composites.

The morphologies and microstructures of the as-prepared
Cu,0 and Cu,O@h-BN composites were examined by SEM
and TEM. The representative SEM images of pure Cu,O
without the addition of h-BN suspension are shown in Figure
3a. It can be seen that the pure Cu,O particles are distributed in
the shape of irregular microspheres, which are prone to
crumple and agglomerate, resulting in a broad particle size
distribution. Encouragingly, after incorporating with h-BN, the
Cu,O particles show regular octahedron morphology, and are
well dispersed on the surfaces of h-BN nanosheets (Figure 3b).
The size of the Cu,O nanoparticles dispersed on the h-BN
sheets was approximately 300 nm. Actually, the Cu,O particle
size and morphologies are highly dependent on its precursor.”*
Prior to the addition of the reductant glucose, Cu®" ions were
reacted with NaOH to form black precursor. When h-BN
nanosheets were introduced in the synthesis system, the —OH
and —NH groups on the h-BN nanosheets can act as the active
sites for anchoring the precursor, which might be beneficial for
the formation of regular Cu,O octahedrons with good
dispersion on the h-BN nanosheets after addition of the
glucose. Thus, the h-BN is readily expected to be used as a
supporter to composite Cu,O particles on the surfaces. Figure
3c shows the TEM images of Cu,O@BN composites. The h-
BN and Cu,O components can be easily distinguished due to
the differences in contrast. Consistent with the SEM
observation, the TEM images show the standing of Cu,O
octahedron on the grid plane of h-BN nanosheets. The lattice
fringe of the octahedron-like particle has an interplanar spacing
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of 0.259 nm (as shown in Figure 3d), which is in agreement
with the (111) plane of cubic Cu,0.* Unlike the traditional
organic chain-like stabilizers,’” h-BN nanosheets have two-
dimensional structure, which provides a platform for attaching
Cu,O octahedrons and endowing the “naked” particle surface
with high active sites, a property that might be beneficial for the
catalytic reaction on the surfaces.

The catalytic properties of the samples were evaluated by
reduction of p-nitrophenol to p-aminophenol with NaBH,.
Generally, the direct reduction of p-nitrophenol over noble
metal particles is considered as a green process for the
production of p-aminophenol.**~*° Because of their high cost
and scarcity of the noble metal, the development of alternative
catalysts for the conversion of p-nitrophenol to p-aminophenol
has been actively pursued, including noble-metal-free cata-
lysts,®" and metal-free materials.”> Recently, Mandlimath and
Gopal found that CuO, Co;0, Fe,O; and NiO could
accelerate the conversion of p-nitrophenol to p-aminophenol,
while TiO,, V,0;, Cr,0; MnO,, and ZnO were inactive
toward this conversion.®® In this study, we reported the first
attempt to investigate the feasibility using Cu,O@h-BN
composites as a catalyst for the reduction of p-nitrophenol to
p-aminophenol. Figure 4a shows the time-dependent absorp-
tion of solution over Cu,O@h-BN composites in the presence
of excess NaBH,. The maximum absorbance peak at 400 nm
gradually declines as the reduction reaction time proceeds,
accompanying a concomitant increase of the peak at 300 nm.
Moreover, two isosbestic points are observed at 280 and 314
nm, indicating the clean conversion without producing any
byproducts.>® Complete conversion of p-nitrophenol to p-
aminophenol was achieved within 12 min. To specify the role
of the Cu,O@h-BN composites in this conversion, the degree
of the conversion is presented by the ratio of the concentration
C and the initial value of p-nitrophenol C,, that is, C/Cy, under
various conditions. The C/C, ratio is obtained by the
corresponding absorbance at 400 nm according to the
Lambert—Beer law. As shown in Figure 4b, without catalysts,
the maximum absorption peak remains unchanged, indicating
that NaBH,, alone cannot initiate the conversion reaction even
with a large excess amount. Furthermore, the introduction of h-
BN into the reaction system also gives a negligible conversion,
indicating that h-BN nanosheets are inactive for the reduction
of p-nitrophenol. After pure Cu,O was added, the concen-
tration of p-nitrophenol was gradually decreased after S min

dx.doi.org/10.1021/am5037737 | ACS Appl. Mater. Interfaces 2014, 6, 14469—14476
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Figure S. Evolution of UV—vis spectra of the p-nitrophenol solution with various additives: (a) adding of NaBH,, (b) adding of h-BN nanosheets,
(c) adding of pure Cu,0, and (d) adding of Cu,O@h-BN composites.

induction period. Nearly 86% of conversion was achieved after
25 min over Cu,O samples. Obviously, even though h-BN
nanosheets show a negligible activity, the Cu,O@h-BN
composites exhibit the much enhanced catalytic performance
for the reduction of p-nitrophenol as compared to pure Cu,O.
It should be mentioned that there is no induction period over
the Cu,O@h-BN composites. In general, the induction time is
considered to be due to the diffusion for p-nitrophenolate ions
to be adsorbed onto the catalyst surfaces before the reaction
could start.®*%¢ Furthermore, it is found that the reduction of
p-nitrophenol to p-aminophenol over Cu,O@h-BN composites
follows the pseudo first-order kinetics (Supporting Information
Figure S2).

To gain more insight into this reaction and rationally
distinguish the contributors to the conversion reaction, the
influence of the NaBH,, h-BN, pure Cu,O, and Cu,O@h-BN
composites on the evolution of absorption spectra of p-
nitrophenol were investigated. As illustrated in Figure Sa, the p-
nitrophenol exhibits a peak at 317 nm in neutral aqueous
solution. Upon the addition of NaBH,, the absorption peak was
immediately shifted from 317 to 400 nm, because of the
formation of gp—nitrophenolate ions under alkaline condition
with NaBH4.5 However, as discussed above, NaBH, is not able
to reduce the p-nitrophenolate ions without catalysts, even
though it is considered as the electron donor and hydrogen
source. Surprisingly, the spectral shift of the absorption peak
was also observed after adding h-BN instead of NaBH,. As
shown in Figure Sb, the p-nitrophenolate ions become the
dominating species in the solution after about 4 min. From the
above structural analyses, it is clear that the h-BN possesses a
large amount of —OH and —NH groups on the surface. These
groups are reasonably regarded as the active sites to adsorb and
ionize the p-nitrophenolate molecules. Figure Sc shows the
time course of UV—vis spectra of p-nitrophenol over pure
Cu,O without NaBH,. The intensity of the peak at 317 nm
decreases slightly, mainly due to the concentration quenching
effect, while the formation of p-nitrophenolate ions is rather
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limited. Apparently, as shown in Figure 5d, Cu,O@h-BN
composites exhibit excellent capability for the ionization of p-
nitrophenol. That is, despite that the h-BN has no activity for
the reduction of p-nitrophenol into p-aminophenol (Figure 4b),
the h-BN component in the composites can act as good
adsorbent for the formation of p-nitrophenolate ions and keep
them at the vicinity of Cu,O octahedrons. These experimental
results can well explain the superior activity of Cu,O@h-BN
composites for the reduction of p-nitrophenol with NaBH,. On
the basis of these results, the mechanisms of conversion of p-
nitrophenol over Cu,O@h-BN composites are speculated in
Figure 6. The p-nitrophenolate ions are adsorbed by the h-BN

p-nitrophenol «_c Pp-aminophenol

00000

h-BN nanosheets

Figure 6. Schematic of the reduction of p-nitrophenol to p-
aminophenol over the Cu,O@h-BN composites.

component; at the same time, brohydride ions react with the
Cu,0 component in the composites and transfer a surface
hydrogen species and electrons to them, thereby resulting in
the efficient reduction of the —NO, group of p-nitrophenol to
the —NH, group.®® That is, there exists a beneficial effect of
dispersing Cu,O on h-BN nanosheets and their synergetic
effects in the Cu,O@h-BN composites.

Because the NaBH, belongs to a strong reducing agent, the
cycling catalytic performances of the Cu,O@h-BN composites
in the conversion of p-nitrophenol with excess amount of

dx.doi.org/10.1021/am5037737 | ACS Appl. Mater. Interfaces 2014, 6, 14469—14476
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NaBH, are further investigated under the same condition. As
shown in Supporting Information Figure S3, the catalytic
activity gradually decreases with cycle times. After four cycle
tests, the activity was decreased to 50% of the initial efficiency.
To further explore this phenomenon, XRD patterns for
Cu,O@h-BN composite before and after cycling reaction
have been collected and compared. As displayed in Supporting
Information Figure S4, the characteristic peaks of Cu,O
gradually disappear, while the (111) peak of metallic Cu at
43.3° becomes stronger in intensity with the running cycling
reaction. That is, the Cu,O component was gradually reduced
to Cu metallic particles by NaBH,. It should be mentioned that
it is very difficult to simply compare the activities of Cu,O and
metallic Cu, because the catalytic activity depends on several
factors including the particle sizes, morphologies, and surface
properties. Encouragingly, even though the Cu,0O component
was chemically not stable, the composites still show the evident
activity for the p-nitrophenol reduction after four cycle tests,
because the resulting metallic Cu particles also show the activity
for the conversion of p-nitrophenol,67 which has significant
importance for the application in the reduction of p-
nitrophenol to p-aminophenol.

B CONCLUSION

We have succeeded in developing a conceptually different
method to disperse Cu,O octahedrons on the surfaces of h-BN
nanosheets, and initially found that the as-obtained Cu,O@h-
BN composites can be used in the conversion reaction of p-
nitrophenol to p-aminophenol. Furthermore, the detailed
structures of the composites were fully characterized by XRD,
FTIR, Raman spectra, XPS, SEM, and TEM. It is found that the
h-BN component in the composites can act as the active
adsorbent for formation and adsorbance of the p-nitro-
phenolate ions, while Cu,O components react with BH,~
ions and transfer a surface hydrogen species and electrons,
resulting in the reduction of the —NO, group of p-nitrophenol
to the —NH, group. Our results suggest that the h-BN
nanosheets can be expected to be a good supporter to
incorporate the functional metal oxides, which open the way to
a range of important applications of h-BN-based materials.
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Survey XPS, cycling catalytic performances for the reduction of
p-nitrophenol, and XRD patterns of the Cu,O@h-BN
composites before and after the conversion reaction. This
material is available free of charge via the Internet at http://
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