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Abstract: Gold nanoclusters were synthesized and homoge-
neously distributed on boron nitride nanosheets (BNNSs) to
form AuNC@BNNSs nanohybrids. Compared to pure gold
nanoclusters, the nanohybrid not only exhibits much better
catalytic activity for the reduction of 4-nitrophenol (4-NP),
but also prevents gold nanoclusters from aggregation. We
found that the catalytic performance of AUNC@BNNSs nano-
hybrid increased with decreasing pH and increasing temper-
ature of the reaction environment. The catalytic mechanism
of the nanohybrid was thoroughly explored by density

functional theory (DFT). It was concluded that the catalytic
activity should be caused by repeated electron transfer on
HOMO between 4-NP and BNNSs, which was mediated by
the surface-bound gold nanoclusters. Furthermore, it was
observed that the actual reducing agent is molecular hydro-
gen rather than borohydride. The present methodology could
be generalized to the synthesis of other metallic nano-
particle@BNNSs nanohybrids as promising heterogeneous
catalysts for varied catalytic reactions.

/

Introduction

For decades, gold-related catalysts have been applied in many
catalytic reactions such as hydrogenation of aldehydes, oxida-
tion of alcohols and reduction of 4-nitrophenol, owing to their
stable chemical properties, facile synthesis, low toxicity and
highly effective catalytic performance under mild conditions.!"
It is commonly accepted that the high activity of the catalyst is
attributed to their high surface-to-volume ratio, surface geo-
metric effect, the electronic properties, and the quantum size
effect, which are determined by the size of particles. Jin et al.
use the free electron theory to estimate what size of gold
nanoparticles will exhibit distinct quantum size effects.” It was
demonstrated that the size of ~2 nm is that at which electronic
energy quantization will become important, and below this size
the collective plasmon mode will no longer be supported.
Some catalytic activities of gold particles, such as hydro-
genation of aldehydes, oxidation of alcohols and reduction of
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4-nitrophenol, appear when their size is reduced down to 1-
5 nm, while the activity decreases dramatically as the size of
gold particles is enlarged and the bulk noble metals are almost
catalytically inert.® However, during the catalytic reaction, the
small sized catalysts are vulnerable to self-aggregation into
larger particles due to their high surface area and surface
energy, which could easily result in deactivation or loss of their
catalytic activities.”! As far as we know, nanostructured catalyst
supports can efficiently overcome this inherent shortcomings.
For example, gold and other noble metal nanoparticles have
been loaded onto ultrathin 2-dimensional (2D) nanosheets to
afford 0D/2D nanocomposites,” which displayed superior
performance compared with their corresponding nanoparticles
used alone or supported on the insulating oxide, such as ZrQ,,”
hydrotalcite,® c-Al,0,, silica-alumina and various zeolites,”
MgO® or Ti0,.”' This enhanced performance results from the
distinct properties of 2D materials such as the large surface
area, high chemical stability, etc.*>'%

Graphene,"” molybdenum disulfide (MoS,),"? carbon nitride
(C3N,)™ and boron nitride (BN) have been chosen as efficient
supports to immobilize and stabilize noble metal particles as
catalysts. Among the available supports, hexagonal boron
nitride nanosheets (h-BNNSs) is a promising candidate for the
fabrication of hybrids due to its atomic-thick sheet structure,
high thermal conductivity, unique insulation and chemical and
thermal inertness, especially when hazardous environments are
involved. So far, h-BNNSs have been widely used as the support
for some metal nanoparticles of Fe,"¥ Pt Pd,"™*'¥ Ag"” and
Au,"® to enhance their catalytic performance. For example,
Meyer et al." and Sun et al."*? have decorated BNNSs with Pd
nanoparticles for catalytic hydrogenation of lactose and nitro
aromatics. The resultant Pd —BNNSs catalyst exhibited high
catalytic activity and recyclability, demonstrating that BNNSs
can serve as a promising platform for fabrication of heteroge-
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neous catalysts. Xu et al. reported a facile strategy to synthesize
Ag nanoparticles on the surface of BNNSs modified with a thin
layer of tannic acid-ferric ion (TA-Fe) complex.” The as-
synthesized BNNSs/Ag nanohybrids exhibited excellent catalytic
activity in reduction of 4-nitrophenol. Recently, BNNSs were
decorated with Au nanoparticles due to their unique properties,
as described above. Fu et al. synthesized BNNSs-AuNP compo-
site from hydroxyl-BNNSs without adding reducing agent,
which exhibited excellent catalytic and electrocatalytic activity
in the degradation of Rhodamine B (Rh B) and electro-oxidation
of hydrazine"”” The enhanced catalytic activity should be
attributed to dispersion stability of the noble metal nano-
particles on the support. Although exciting progress has been
made, it is still a grand challenge to achieve a fundamental
understanding of heterogeneous catalytic performance for
nanostructured materials of noble metal- BNNSs with program-
mable structures and predictable properties.

In this work, the nanohybrids (AUNC@BNNSs) of gold
nanoclusters (AuNCs) and 2D BNNSs were synthesized and their
catalytic activity were investigated via reduction of nitrophenol,
which was one of the poisonous pollutants in waste water. The
AuNCs were synthesized with an average size of 1.5nm on
ultrathin BNNSs, and exhibited much higher catalytic activity
than pure AuNCs. Here we also present a detailed mechanistic
study on the reduction of 4-nitrophenol (4-NP) in the presence
of AuUNC@BNNSs nanohybrid using density functional theory
(DFT). We found that the enhanced catalytic performance is
mainly caused by repeated electron transfer between 4-NP and
AuNCs during the reaction. More interestingly, we have for the
first time demonstrated that the actual reducing agent for the
reduction of 4-NP to 4-AP is molecular hydrogen rather than
borohydride. Moreover, this reduction strategy does not require
rigorous conditions or toxic agents, and therefore could be
developed into an efficient and green approach for the
fabrication of noble-metal loading catalysts with significantly
enhanced catalytic activity.

Results and Discussion

Characterizations of Stepwise Preparation of AUNC@ BNNSs
Nanohybrid

The preparation of AUNC@BNNSs nanohybrid is illustrated in
Scheme 1. Initially, the bulky hexagonal BN (h-BN) was first
exfoliated by mechanical ball milling in the presence of a mixed
aqueous solution of NaOH and KOH. During the ball milling
process, bulk BN powder was edge-opened via the strong
shearing force and collision mediated by ball milling, followed
by intercalation of the ions, including Na*, K* and OH™ ions,
into h-BN layers to assist further exfoliation. The exfoliated
BNNSs were characterized by transmission electron microscopy
(TEM) and Fourier transform infrared (FTIR) spectrometry (Fig-
ure S1 and Figure S2). After exfoliation, AUNC@BNNSs nano-
hybrid was synthesized via a thermal co-reduction of HAuCl,
and BNNSs suspension at 90°C in the presence of GSH, a mild
reducing agent that reduced Au®* into Au. The nucleation of
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Scheme 1. Schematic illustration for the exfoliation of h-BN and the
preparation of AUNC@BNNSs nanohybrid as catalyst for the reduction of 4-
nitrophenol (4-NP).

Au atoms led to the formation of AUNCs and homogeneously
distribution on 2D BNNSs.”” In addition, the hydroxylated
BNNSs can also assist the reduction of Au’" into Au® as
evidenced by Fu el at" In this work, the reaction time was
optimized and the experiments were carried out for 12 h, 15 h,
18 h, 21 h and 24 h, respectively. (Figure S3) It was observed
that the size of AUNCs was slightly increased when the reaction
time increased from 12 h to 15 h, and the size was almost kept
constant even the reaction time was further enlarged. There-
fore, the optimal time was set to be 12 h. We first characterized
the morphology of AUNC@BNNSs nanohybrid using TEM and
observed that AuUNCs were uniformly distributed on the surface
of BNNSs without aggregation (Figure 1a). The inset indicates
the narrow size distribution of AuNCs and an average size of
1.5nm was derived. High resolution transmission electron
microscopy (HRTEM) images of the AuNCs revealed that both
single crystalline lattice and twinned polyhedral states existed,
as shown in Figure 1b and its inset. The HRTEM image
(Figure 1b) shows some ordered lattice fringes with average
spacing of 0.236 nm and 0.204 nm, which corresponds to the
(111) and (200) lattice spacing of AuNCs.?" HRTEM image shows
clear lattice fringes of the exfoliated h-BNNSs from the bulk BN
precursor. As shown in Figure 1¢, the number of layers of BNNSs
is about 5 to 7. To analyze the chemical composition of the as-
prepared AuNC@BNNSs nanohybrid, energy dispersive X-ray
(EDX) spectrum and element mapping images were collected.
The EDX profile, as shown in Figure 1d, clearly shows the
presence of N and Au elements, whose contents (wt%) were
calculated to be 25.7 and 10.54, respectively, according to their
signal intensities. Consistent results were also obtained by
element mapping images, as shown in Figure 1e. The crystal
structure of the AuNCs was also investigated by selected area
electron diffraction (SAED). As shown in Figure 1f, four d-
spacing were found to be 24, 2.1, 14 and 1.3 A, which
correspond to the Au (111), Au (200), Au (220) and Au (331)
Miller indices of fcc (face-centered cubic) gold crystals,
respectively.”? The chemical composition and structure of the
AuNC@BNNSs nanohybrid were further confirmed by X-ray
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Figure 1. Typical TEM images of AUNC@BNNSs nanohybrid with different magnifications, XPS and XRD spectra. (a) Low-magnification TEM image of
AuNC@BNNSs. The inset shows the size distribution of AuNCs. (b) High-magnification TEM image showing the single crystalline structure and multi-crystalline
structure of AuNCs. (c) HRTEM image of BNNSs with clear latticefringes. (d) EDX spectrum of AUNC@BNNSs nanohybrid and the relative abundance of each
element. (e) The elemental mappings of N and Au. (f) SAED pattern of AUNC@BNNSs. (g) Survey XPS spectrum of AUNC@BNNSs. (h) Au 4f narrow XPS scan

spectra. (i) XRD patterns of BNNSs and AUNC@BNNSs.

- OH
a o o b
NO, :‘;
2
I3
— ]
2
£
oy 200 300 400 500
[ =] Wavelength (nm)
c R d . pH=11.8,
0.0 =0 [] —c 4
BNNS —ey
~ 04 ~ - pH=10.8
< <
s: -0.8 2- .
E g -
4.2 , £
k=0.581 min’ 13
-1.6{ AuNC@BNNS =0 156 min" 6.2 *
Pure Au clusters 7.8 pH=8.5 pH=9.8 y
-2.0 -4 Y
OF FR210 Faip 6 e i8R 1000§12 0 5 10 15 20 25 30
Time (min) Time (min)
e —10°C
—20° fq
= —30°%Cc 6
- —a0°C £
e —s0°c e
F-y Ea
7] -
s §3
£ 5 2
z
o1
° 0
200 300 400 500 12 3 456 7 8 910

Wavenumber (nm) Number of cycles

Figure 2. The catalytic performance of AUNC@BNNSs nanohybrid for reduc-
tion of 4-NP to 4-AP. (a) Reaction scheme representing reduction catalyzed
by AUNC@BNNSs. (b) Time-dependent UV-vis absorption spectra at room
temperature. (c) The plot of In(A/A,) versus time in the presence of BNNSs,
AuNCs and AUNC@BNNSs as catalysts, respectively. (d) Determination of the
rate constants for reduction at different pH values at room temperature. ()
UV-absorption spectra measured after 30 seconds at different temperatures.
(f) The recyclability of AuUNC@BNNSs as a catalyst for the reduction of 4-NP.

ChemNanoMat 2019, 5, 784-791 www.chemnanomat.org

786

photoelectron spectroscopy (XPS) and X-ray diffraction (XRD)
analyses. The survey spectrum of AUNC@BNNSs is illustrated in
Figure 1g, where six peaks at 532.57 eV, 397.9 eV, 284.89 eV,
190.12 eV, 99.24 eV and 84.27 eV were observed, indicating the
presence of O, N, C, B, Si and Au elements, respectively.

The peak of O1ls and Cls are probably caused by
contamination from the air, which is a common problem in XPS
characterization.” The presence of Si is due to the utilization of
silicon wafer. As shown in Figure Th, the peak with binding
energy of 84.27 eV corresponding to elemental Au, can be split
into two peaks at 84.1 eV (Au 4f 7/2) and 87.9 eV (Au 4f 5/2),
evidencing the presence of metallic Au in AUNC@BNNSs. The
presence of metal Au is also confirmed by comparison of the
XRD patterns between BNNSs and AuNC@BNNSs, which are
shown in Figure 1i. The distinct characteristic peaks at 41.7°,
44.0°, 50.3°, 55.1° and 76.0° can be assigned to the (100), (101),
(102), (004) and (110) crystallographic planes of h-BN (JCPDS
no. 85-1068).%" The additional peaks at 38.2°, 64.6° and 77.6° in
the XRD pattern of the AUNC@BNNSs nanohybrid are attributed
to the (111), (220) and (331) crystal faces of face-centered cubic
(fcc) Au (JCPDS 65-2870).% It was also observed from Figure 1i
that the peak at around 44.0° was overlapped by other two
peaks at 43.9° and 44.3°, which should result from the crystal
faces of BN (101) and Au (200).

Catalytic Activity of AUNC@BNNSs for Reduction of
4-Nitrophenol Evaluation of Catalytic Performance

The catalytic performance of the as-prepared AuNC@BNNSs
nanohybrid was evaluated via the well-known reduction
reaction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in the
presence of NaBH, at room temperature. As shown in Figure 23,
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the color of 4-NP solution immediately changed from light
yellow to yellowish green when NaBH, was added due to
deprotonation of 4-NP. Also, the absorption band (Amax) was
shifted from 340 to 400 nm due to the formation of the 4-
nitrophenolate ion. After addition of AUNC@BNNSs, the cata-
lytical kinetics of the reduction was monitored insitu by
successive measurement of UV-vis absorption of the reaction
mixture every 30 seconds at room temperature and the results
are illustrated in Figure 2b. It was observed that the peak at
400 nm for the absorption of 4-nitrophenolate ions decreased
gradually with the increasing reaction time. The characteristic
peak of 4-AP appeared at 300 nm during the reduction process
and the reaction is completely finished within 2 min. Mean-
while, the color of the reaction mixture changed from yellowish
green to colorless upon the addition of the AuNC@BNNSs
catalyst. Since the concentration of NaBH, largely exceeded that
of 4-NP in this experiment, the reduction can be evaluated by a
pseudo-first-order kinetic behavior with respect to 4-NP, which
can be described by the equation as follows:

A

Where, A, and A, are the absorbance values of 4-NP at time
of 0 and t, respectively, and k is the apparent rate constant. The
plot of In (A/A,) against reaction time is shown in Figure 2c,
from which the rate constant, k, was calculated to be
0.581 min~' in the presence of AUNC@BNNSs as catalyst. To
further evaluate the synergistic effect of AUNC@BNNSs nano-
hybrid on their excellent catalytic performance, the comparison
experiments were carried out with BNNSs and pure AuNCs as
catalysts, the rate constants were measured to be 0 and
0.156 min~', respectively. The catalyst turnover number (TON)
and the turnover frequency (TOF) are two important parameters
used for comparing catalyst efficiency. In heterogeneous
catalysis, the TON is the number of reactant molecules that 1 g
of catalyst can convert into products.”® The TOF can be simply
obtained by TON/time. The TOF of AUNC@BNNSswas calculated
to be 14.7x10' molecules/g/s. Therefore, it can be concluded
that AuNGs is the effective catalyst and the presence of BNNSs
can significantly improve the catalytic activity. Compared with
other similar catalysts, the AUNC@BNNSs shows better catalytic
activity (Table 1).

Since the catalytic activity of the catalyst is generally
affected by temperature and pH, we then carried out control
experiments at different pH values and different temperatures,
and the results are shown in Figure 2d and Figure 2e. To

Table 1. Comparison of Cy,gus: Canp @and the rate constant (k) for the
reduction of 4-NP with different catalysts.

Catalysts CNaBH, (M) Canpe (MM) k (min~") Ref.
BNNS-Ag 0.4 0.4 0.163 34
Ag/BNNS 0.2 0.1 0.428 36
BNNS-AuNP 0.05 0.1 0.05 38

Free AuNCs 0.02 0.2 0.156 This work
AuNC@BNNS 0.02 0.2 0.581 This work
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investigate the effect of pH, the UV-vis absorbance spectra are
measured at different pH values of 6.2, 7.8, 8.5, 9.8, 10.8 and
11.8 (Figure S4) and the plots of In (A/A,) versus the reaction
time at different pH values were derived as shown in Figure 2d.
It is clear that the catalytic activity was significantly enhanced
with decreasing of the pH. When the pH of reaction mixture
was less than 6.2, the reaction was completed in less than 30
seconds. Conversely, no reaction occurs when the pH was
above 11.8. Furthermore, we observed that the absorption
intensity decreased with the increasing temperature (Figure 2e).
When the temperature was 10°C, the absorption intensity only
decreased slightly. However, when the temperature reached
50°C, the intensity was close to zero in 30 seconds. Therefore,
the catalytic activity of AuNC@BNNSs increased with the
decreasing pH and increasing temperature.

The recyclability, another critical factor to assess a catalyst,
was measured by comparing the conversion time from 4-NP to
4-AP, in the presence of the catalysts recovered after different
recycles. As shown in Figure 2f, the conversion time only
slightly increased in the first three recycles. However, after 10
recycles the conversion time increased to 3.5 times longer. To
explore the origin of the decrease of catalytic activity, the TEM
images of the recovered catalyst were obtained after 5 recycles.
As shown in Figure S5 there was almost no further morphology
change observed for AUNC@BNNSs after 5 recycles, and the
AuNCs were still homogeneously distributed on BNNSs. The
average size of AuNCs only slightly decreased compared with
those freshly prepared, which indicated the good stability of
the clusters. Compared Figure S5a with Figure S5b, the distribu-
tion of AuNCs was sparser and the size was smaller after the
five cycles, which should be caused by strong centrifugal
force resulting in the loss and disintegration of catalyst during
centrifugation and the reduced catalytic activity.

Mechanism for the Hydrogenation of 4-Nitrophenol

To investigate the origin of the excellent catalytic performance
of AUNC@BNNSs nanohybrid, density functional theory (DFT)
calculations were carried out using a suite of Gaussion 09
programs and the computational details were described in the
supporting information. In the reduction of 4-NP, NaBH, was
added as the reducing agent. However, the hydrolysis of NaBH,
often occurs in aqueous medium to generate molecular hydro-
gen, especially in protic solutions, and molecular hydrogen is
also an important reducing agent. Therefore, two possible
reaction pathways for the reduction of 4-NP were assumed and
calculated by DFT theory, where the reducing agent is either
borohydride or molecular hydrogen. The reaction mechanism
and the corresponding energy change for each step are
demonstrated in Figure 3. As illustrated in Figure 3a, there are
seven steps for the reaction between 4-NP and borohydride
without catalyst. The reaction is initiated via dehydrogenation
of borohydride to produce H* or H~, which are both
endothermic and  uphill with energy changes of
+384 Kcal-mol™" and +236 Kcal-mol™', respectively. Conse-
quently, consecutive protonation reactions of 4-NP occur with
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Figure 3. Scheme and energy profile showing the reduction reaction of 4-NP to 4-AP. (a) Reaction mechanism with borohydride as reducing agent in the
absence of catalyst. (b) Scheme of the reaction mechanism for hydrolysis of borohydride. (c) and (d) The main reaction pathway in the absence and presence
of AUNC@BNNSs as catalyst, respectively, when the reducing agent was molecular hydrogen. The values without bracket indicate the energy change and the
ones in the bracket mean activation energies. (e) Energy profile of the reduction. Red lines show calculated values in the presence of AUNC@BNNSs as catalyst
and black lines indicate the energy profile of the reduction in the absence of catalyst, when the reducing agent is molecular hydrogen. The blue values show
the activation energies for different steps in the absence of catalyst and the green ones show activation energies with AUNC@BNNSs as catalyst.

H* or H™ and all of these reactions are exothermic. If the
reducing agent is molecular hydrogen, the reaction is initiated
via the hydrolysis of borohydride, which is shown in Figure 3b.
All the reactions are exothermic and the activation energy is
not high enough so that the energy released in the first step
can provide energy for all the following reactions. Therefore,
hydrolysis of borohydride occurs at room temperature. Con-
sequently, hydrogen molecule reacts with 4-NP step by step,
which are summarized in Figure 3c and Figure 3d, and the
corresponding energy change profile is illustrated in Figure 3e,
Table S1 and Table S2. After molecular hydrogen is produced,
molecular hydrogen is attracted by lone pair electrons on O
atoms in the nitro group from 4-NP (Figure 3c and Figure 3d).
Then, a water molecule is generated with the energy change
of—28.2 Kcal-mol™' and—3.9 Kcal-mol™" in the absence or
presence of the AuNC@BNNSs, with the activation energy of
144 Kcal-mol™ and 15.3 Kcal-mol™, respectively. Therefore,
only one oxygen atom is left to bond with nitrogen, which is
labeled to be intermediate 1 (IM1) and AuNC@BNNSs-IM1.
Furthermore, the second molecular hydrogen is bonded to the
lone pairs on N and O atoms to form the intermediates of IM-2
and AuNC@BNNSs-IM-2, downhill in the energy profile of
—30.5 Kcal-mol™" and + 19 Kcal-mol™', in which the activation
energies decrease to 92 Kcal-mol™" and 24.5 Kcal-mol ™, respec-
tively. Finally, the lone pair electrons on both N and O atoms in
the intermediates of IM-2 and AuNC@BNNSs-IM-2 attract

ChemNanoMat 2019, 5, 784-791 www.chemnanomat.org

another H, molecule to form 4-AP along with the energy
change of—61.3 Kcal-mol™" and—58.5 Kcal-mol™" and the acti-
vation energies are 120 Kcal-mol™" and 6.6 Kcal-mol™', respec-
tively. Throughout the mechanism, it can be concluded that the
reactions require lower activation energies taken hydrogen
molecule as a catalyst rather than borohydride, which proves
the actual reducing agent is molecular hydrogen. As reported in
previous studies,”” the rate of hydrolysis of sodium borohydride
in aqueous solution depends on pH and temperature. Lower pH
and higher temperature promotes the production of hydrogen
gas, which is consistent with the effect of pH value and
temperature as discussed in this work.

To further qualitatively evaluate the catalytic performance
of AUNC@BNNSs nanohybrid, Frontier molecular orbitals of the
reactants, intermediates and products were calculated by the
DFT method. As shown in Figure 4, the highest occupied
molecular orbital (HOMO) of 4-NP are located predominantly on
the benzene ring and O atom in the hydroxyl group and there
are nearly no electrons on the nitro group. Therefore, it is
difficult to release H* from hydroxyl groups to generate
molecular hydrogen due to the high electron density. Mean-
while, the lower distribution of HOMO in nitro group (the
second row in Figure 4) makes it difficult to attract molecular
hydrogen. Therefore, the activation energy is relatively higher
(144 Kcal-mol™"). When the intermediate IM1 is formed, the
HOMO locates primarily on remainder N=0O group (the third

788 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. . Frontier molecular orbitals, side and top views of the optimized
structure of reactants, intermediates and products in the absence of
catalyst.

row in Figure 4), which favors to combine with molecular
hydrogen. It is in accord with the notable decrease of activation
energy (92 Kcal-mol™"). The distribution of HOMO is homoge-
neous in both nitro group and benzene ring in IM2, so the
reactivity of IM2 is higher than that of 4-NP, but lower than that
of IM1.

As a control, frontier molecular orbitals, side and top views
of the optimized structure of reactants, intermediates and
products in the presence of AUNC@BNNSs are calculated. The
results are illustrated in Figure S6 and the charges and distances
of some atoms are summarized in Figure 5. As observed from
HOMO of AuNC@BNNSs & 4-NP in row 2 of Figure S6, electrons
in the HOMO transfer to AuNCs and nitro group in the presence
of AuNC@BNNSs, which will benefit for the formation of
molecular hydrogen and the formation of 4-nitrophenolate
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ions. Meanwhile, BNNSs made a contribution to keep nitro-
phenolate ions at the vicinity of AuNCs. As the molecular
hydrogen gets closer to nitro group, the HOMO transfer
completely from 4-NP to AuNCs and BNNSs (Seen AUNC@BNNSs
& 4-NP & H, in Row 3 in Figure S6). The charges of some atoms
and distances between atoms in AUNC@BNNSs & 4-NP & H, are
illustrated in Figure 5a and 5b. The bond length of H.—H,
0,—N,, O;—N, are 0.749 A, 1.347 A and 1.342 A, respectively. The
charges for O,, O; and N, atoms are—0.362,—0.341 and 0.296.
The similar length of O—N and charges for O, and O; exhibit
that there is a 73 conjugated bond. As the reaction occurs,
transition state of reactants is formed and shown as TS-
AUNC@BNNSs & 4-NP & H, in Row 4 Figure S6. The charges and
the distance between some atoms are illustrated in Figure 5¢
and 5d. The distance of Hs—H, enlarges to 1.056 A and H,—O,
decreases to 1.179 A, which means the bond in hydrogen bond
is broken and Hg favors to bond with O,. Meanwhile, the bond
length of O,~N,, O;—N, changes into 1.403 A and 1.288 A, and
the charges of O, O; and N, atoms are—0.439,—0.268 and
0.315, respectively. It is no doubt thatzj conjugated bond in
nitro group is broken.O,—N, bond is gradually broken so that O,
atom can form bond with H atoms to release water molecule
and O;-N, trend to form double bond. Finally, AUNC@BNNSs-
IM1 is produce, in which HOMO and LOMO are displayed in
Row 6 Figure S6. As a result, the formation of AUNC@BNNSs-IM1
is much easier than that of IM1 and the activation energy
decreases from 144 Kcal-mol™' to 15.3 Kcal-mol™". As shown in
Row 6 Figure S6, electrons on HOMO in the AUNC@BNNSs-IM1
are mainly distributed in N=0O. The charges for N and O in N=O
are shown in Figure 5e, which are 0.020 and—0.324, respec-
tively. Therefore, the second molecule of hydrogen will be
attracted by N and O and the transition state is illustrated in TS-
AuNC@BNNSs-IMT & H, in Row 7 in Figure S6. The distances
between atoms are displayed in Figure 5g. When N-H and O—H
bonds are formed, AUNC@BNNSs-IM2 is produced, shown in
Row 8 Figure S6, in which the charges for N and O atoms

Au -0.072 56 C AurHs 1.880 586 d
0 -0.439 Hs-He 1.056
0 -0.268 He-02 1.179
N 0315 {3\ J\’ O2Ns 1.403 «-‘/‘»\ R J\’
H -0.179 ) X 03-Na Lzaaf(;b )\l
H 0344 |/ Y1 f; ‘Q) Os-Hs 3295 |/ J N jd 9
L 7 o
o 3 > N 9
‘P/J- 29

éﬁm, ,,MM,
TS-AUNC@BNNSs & 4-NP & H,

; ;:)., %z;; Y g 1 Au 0110 2 h

4 N 0020 & i g ﬁ:gg? ¢ 2

2 : :g::‘i\ 4i’:; ﬁj"\‘J".‘.:J
f L& t ‘J 9 < "A»"\f :jz
‘kji ‘ » & I A

Wﬂ%@%ﬁ};.

AuNC@BNNSs-IM2 AuNC@BNNSs-IM2 &H,

Figure 5. The charges and distances of selected atoms in the intermediates and transition states.
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are—0.391 and—0.532 (Figure 5h), respectively. Therefore, the
third molecule of hydrogen are attracted by N and O atoms,
which is identified by the simulated result (Seen AUNC@BNNSs-
IM2 & H,). After the second water molecule is released,
AuNC@BNNSs & 4-AP is formed (In Row 11 Figure S6). HOMO is
well distributed in AuNCs and 4-AP so that the repulsion favors
the release of 4-AP. By comparing Figure 4 and Figure 5, the
following conclusion can be drawn. In the presence of BNNSs,
electrons transfer from benzene ring in 4-NP to AuNCs which is
the active center. Meanwhile, electron density on oxygen (O—H)
in 4-NP is decreased which is helpful for deprotonation of 4-NP,
and BNNSs keep 4-nitrophenolate ions at the vicinity of AuNCs,
which is consistent with the previous report.”® Secondly,
electrons on HOMO repeatedly transfer between 4-NP and
AuNCs supported on BNNS, which will make contribution to the
enhanced catalytic activity of AUNC@BNNSs. Lastly, it has been
proved that support-free catalyst showed serious aggregation
and low catalytic activity.” Therefore, the catalytic performance
could also be improved via the interaction between gold
clusters and BNNSs, while preventing the aggregation of
AuNCGs.

Conclusions

In summary, we have, using a facile, green and effective
approach, synthesized AuNC@BNNSs nanohybrid, in which
AuNCs with an average size of 1.5 nm are well distributed on
BNNSs. Compared with the pure AuNC, the as-prepared
AuNC@BNNSs nanohybrid not only exhibits much better
catalytic activity for reduction of 4-NP, but also prevents
aggregation of AuNCs even after several catalytical recycles.
From the theoretical calculation based on DFT theory, it is
demonstrated that remarkable improvement of catalytic activity
is due to repeated electron transfer of HOMO between 4-NP
and BNNSs mediated by AuNCs.Furthermore, the theoretical
calculations indicate that the actual reducing agent is molecular
hydrogen rather than borohydride. We expected that the
current study could provide valuable clues to open new
avenues to explore the potential applications of BNNSs nano-
hybrids with metallic nanoparticles in catalysis and other
applications.

Experimental Section

Materials

Boron nitride powder (1 um in average diameter), 4-nitrophenol
(AR, 99%), sodium borohydride (NaBH,) (98%) and glutathione
(GSH) were obtained from Aladdin (Shanghai, China). Tetrachlor-
oauric acid (HAuCl,) (AR) was purchased from Sigma-Aldrich
(Shanghai, China). Sodium hydroxide (NaOH), potassium hydroxide
(KOH) and hydrochloric acid (HCI) were purchased from Tianjin
Guangfu technology development reagent (Tianjin, China). Ultra-
pure water (18.2 MQcm™") was obtained from a Milli-Q ultrapure
system (Qingdao, China). All of the chemicals were used as supplied
without further purification.
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Preparation of BNNSs by Ball Milling

2 g of the pristine h-BN powder, 20 mL aqueous NaOH solution
(2 M) and 20 mL aqueous KOH solution (2 M) were loaded into a
steel grinding bowl with 3 mm steel balls in diameter at ball-to-
powder ratio of 50: 1. The rotational speed of the planetary mill was
set at 300 rpm to generate rolling actions of the balls, which exert
shearing forces on h-BN powder, and the mixture was milled for
24 hours. The milled product was collected and rinsed with HCI
solution (2 M) to remove the remaining residual like Fe,O; and the
alkaline solution and then repeatedly washed with deionized (DI)
water until the pH was close to neutral. The samples were dried in
a vacuum oven and re-dispersed in DI water at an initial
concentration of 1 mg/mL.

Preparation of Au Nanoclusters (AuNCs) on BNNSs Support
(AUNC@BNNSs)

2 mL of BNNSs aqueous dispersion (1 mg/mL) was mixed with a
solution containing 7 mL deionized water and 50 mg glutathione,
followed by the addition of 1 mL HAuCl, aqueous solution (2 wt%)
and then sonicated for 10 min in an ice-water bath. The resulting
mixture was continually sonicated for 20 min and then transferred
to a glass bottle and treated at 90°C for 12 h to afford the
AuNC@BNNSs nanohybrid, which was collected by centrifugation
and repeatedly washed with DI water for three times. Finally, the
aqueous suspension of AUNC@BNNSs was obtained and stored at
4°C for subsequent usage.

Catalytic Activity Investigation

The catalytic activity of the as-prepared AUNC@BNNSs nanohybrid
was investigated by the reduction of 4-nitrophenol (4-NP). In a
typical experiment, 1 mL of fresh NaBH, aqueous solution (0.02 M)
and 2 mL of 4-NP aqueous solution (0.2 mM) were added into a
quartz cuvette, following by the addition of 25 uL of AUNC@BNNSs
aqueous suspension. The UV-vis absorption spectra were recorded
to monitor the catalytic reaction in the wavelength range of 200-
550 nm. The bright yellow color of the reaction mixture faded
gradually to colorless during the catalytic reaction. In order to
evaluate the effect of pH values on the catalytic activity, the pH
value of the reaction mixture was adjusted with HCl solution. The
recyclability of AUNC@BNNSs nanohybrid was tested by separating
the catalyst from the reaction mixture via centrifugation at
15000 rpm for 15 min and immediately reused it for the same
catalytic reaction under the same conditions.
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