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is of hollow hydrangea Au
nanoparticles as a dual catalyst with SERS activity
for in situ monitoring of a reduction reaction†

Yazhou Qin,a Yuxiang Lu,ab Wufan Pan,ab Dongdong Yuc and Jianguang Zhou *ab

The controlled synthesis of metallic nanomaterials has attracted the interest of many researchers due to their

shape-dependent physical and chemical properties. However, most of the synthesized nanocrystals cannot be

combined with spectroscopy to measure the reaction kinetics, thus limiting their use in monitoring the

catalytic reaction process to elucidate its mechanism. As a powerful analytical tool, surface-enhanced

Raman spectroscopy (SERS) can be used to achieve in situ monitoring of catalytic reactions by developing

bifunctional metal nanocrystals with both SERS and catalytic activities. Herein, we have developed a simple

one-pot synthesis method for the large-scale and size-controllable preparation of highly rough hydrangea

Au hollow nanoparticles. The growth mechanism of flower-like Au hollow nanostructures was also

discussed. The hollow nanostructure with a 3D hierarchical flower shell combines the advantages of hollow

nanostructure and hierarchical nanostructure, which possess high SERS activity and good catalytic activity

simultaneously. Furthermore, the hydrangea Au hollow crystals were used as a bifunctional nanocatalyst for

in situ monitoring of the reduction reaction of 4-nitrothiophenol to the 4-aminothiophenol.
1. Introduction

Anisotropic metal nanoparticles have attracted extensive
attention due to their fascinating physical and chemical prop-
erties for their potential application in electronics,1,2 catalysis,3–6

photo thermal therapy7–10 and surface enhanced Raman scat-
tering (SERS).11,12 Experiments and theoretical studies show that
morphology and size together determine the physical and
chemical properties of metal nanoparticles.13 In particular, the
ability to enhance the local electromagnetic (EM) eld and
adjust the localized surface plasmon resonance (LSPR) peak
across a wide spectral range is highly dependent on their shape,
size, surroundings and structure.14 Therefore, over the past few
decades, a large number of studies have focused on precious
metal nanoparticles with controllable morphology and size. To
date, many methods, including photochemical,15–17 wet chem-
ical,18–21 electrochemical22,23 and template method24 have been
developed for the synthesis well-denedmetal nanoparticles. As
a result, a large number of precious metal nanoparticles with
regular morphology and size have been prepared, such as rods,
triangles, cages, stars and yolk-like.25–28
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Among different types of metal nanostructures, hollow noble
metal nanocrystals and three-dimensional (3D) ower-like
noble metal architectures with large surface-to-volume ratio
and different surface roughness have attracted extensive
attention, since they can signicantly affect the surface-
sensitive applications, such as surface-enhanced Raman scat-
tering (SERS) and catalysis. For hollow noble metal nano-
structure, due to their intrinsic features, which including high
surface area-to-volume ratios and high densities of catalytic
sites make it an excellent catalyst.29–33 Based on recent studies,
various hollow metal nanostructures have been prepared. Such
as, by using a silver nanorod template Sieb et al. prepared
hollow porous gold nanorod through electrochemical deposi-
tion in AAO templates.34 Aherne et al. reported the synthesis of
triangular Ag@Au nanostructures through a galvanic replace-
ment.35 In addition, 3D ower-like noble metal nanostructure,
including nanostars,36 nanoowers,37 and nanourchins,38

abundant in corners and edges, can provide a large enhance-
ment of the local EM eld and adjust the LSPR peak over
a broad spectrum,39,40 make it an excellent candidate for surface
sensitive applications, especially for SERS.41 For example, up to
now, there have been many reports on the successful prepara-
tion 3D hierarchical noble metal nanostructures.42–47 For
example, Nordlander and co-workers found that the core of the
star-shaped gold nanoparticles acts as an antenna for the
nanotip, which could enhancing the excitation cross section
and the local electromagnetic elds of the tip plasmons.42 By
galvanic replacement, Shen et al. prepared the gold@silvergold
alloy nanoowers for the efficient inhibition of bacteria.43 In
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a–d) A schematic diagram of hollow gold flower formation
process. (A–D) SEM images corresponding to (a–d).
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contrast, by using the seed mediate synthesis method, gold
nanourchin,44 and gold nanostar45 were fabricated. However,
the above mentioned methods mainly use complex templates/
seeds and tedious multi-step. Meanwhile, the synthesised
noble metal nanoowers are mainly specialized metal nano-
particles with multi-level branched tips or smooth petals. To the
best of our knowledge, until now, there are few reports on the
preparation of ower-like hollow structures. The hollow nano-
structure with 3D hierarchical ower shell combines the
advantages of hollow nanostructure and hierarchical nano-
structure, which possess high SERS activity and good catalytic
activity simultaneously. With this in mind, we report herein
a simple one-pot synthesis method for the preparation of
bifunctional ower like hollow gold nanoparticles.

2. Materials and methods
2.1. Materials

All reagents and solvents were purchased from commercial
sources and used as received without further purication.
Chemicals used in this study included HAuCl4$3H2O (Mw ¼
393.83, $99.9% trace metals basis), ascorbic acid (AA, AR,
>99.0%), polyvinylpyrrolidone (PVP), 4-nitrothiophenol (4-NTP,
80%), 4-aminothiophenol (4-ATP,$98%GC), nitric acid (HNO3,
AR) hydrochloric acid (HCl, AR) was purchased from Aladdin.
Silver nitrate (AgNO3, A.R. 99.8%, Sinopharm Group Chemical
Reagent Co., Ltd., China), ethylene glycol (EG, $99%) was
purchased from Aladdin. The solutions were prepared from
super pure water (18 MU cm) puried through a Milli-Q Lab
system (Nihon Millipore Ltd.).

2.2. Instruments

The morphologies and structures of ower like hollow gold
nanoparticles were studied using scanning electron microscopy
(SEM, 3.0 kV, SU70, Hitachi, Japan), transmission electron
microscopy (TEM, Tecnai G2 F20 S-TWIN), high-resolution TEM
(HRTEM), and TEM-EDS mapping, X-ray diffraction (XRD, Cu
Ka1 radiation, Rigaku/Ultima IV, Japan). Absorption spectra
were recorded on a Cary 60 Scan UV-vis spectrophotometer. The
surface-enhanced Raman spectroscopy was performed using
a confocal Raman microscope (Horiba HR Evolution 800) with
laser excitation at 633 nm.

2.3. Synthesis of hydrangea Au hollow nanoparticles

For a typical synthesis of uniform hollow hydrangea Au crystals,
40 mg PVP was added to 50 mL ask containing 20 mL water
and stirred for 2 minutes at room temperature to obtain
a homogeneous solution. First use the oscillator to oscillate
1 min, then ultrasonic 1 min to make the solution evenly.
Subsequently, 150 mL of 0.5 M HAuCl4$3H2O and 10 mL of 0.5 M
AgNO3 were added and kept under vigorous stirring for 15 min.
Then 3.0 mL of 0.2 M, aqueous Ascorbic acid was added and the
mixture was placed in an oil bath at 95 �C with vigorous stirring
for 60 min. While maintaining other reaction conditions, when
the content of HAuCl4$3H2O was 60 mL, 80 mL, 100 mL, 150 mL,
200 mL and 250 mL, the obtained Au nanoparticles were 170 nm,
This journal is © The Royal Society of Chemistry 2019
240 nm, 300 nm, 410 nm, 430 nm, 550 nm in diameter,
respectively. All glassware used in the experiments were cleaned
in a bath of freshly prepared aqua regia (HCl : HNO3 ¼ 3 : 1)
and rinsed thoroughly in deionized water and ethanol. When
the reaction is stopped the resulting product was rst centri-
fuged at 10 000 rpm for 10 min to remove the supernatant and
the products were washed twice with ethanol and water,
respectively. The prepared gold nanoparticles are dispersed in
ethanol solution for use.
2.4. In situ detection of catalytic reactions

We rst tested the UV-vis absorption spectra of 4-NTP and 4-ATP
standards. 1.9mL of 0.1M 4-NTP and 1.9mL of 0.1 M 4-ATP were
mixed with 1 mL of 0.1 M NaBH4 solution to test the UV-vis
absorption peaks, respectively. The 4-NTP reaction process was
then monitored using UV-vis absorption spectroscopy. Pipette
1.9 mL of 0.1 M 4-NTP into the measuring cell. And 10 mg of
300 nm gold crystals were weighed and added to 1.0 mL of water
to uniformly disperse. Then, 1 mL of 0.1 M NaBH4 solution and
100 mL of the listed gold crystal solution were sequentially added
and mixed uniformly. UV-vis in situ monitoring was then per-
formed and tested at different time points. In addition, we used
SERS to monitor the 4-NTP reaction process. The Raman spec-
trometer was calibrated using a silicon wafer at 520 cm�1. And
the above reaction solution was subjected to a surface-enhanced
Raman test by taking 2 mL of the solution aer different reaction
times. The laser beam was focused through a 50� objective, and
the diameter of the laser spot area is about 1 mm.
3. Results and discussion
3.1. Formation process of Au nanoparticles

The formation process of hollow Au hydrangea is shown in
Fig. 1. Firstly, add HAuCl4 and AgNO3 to PVP solution results in
RSC Adv., 2019, 9, 10314–10319 | 10315
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a colour change from yellowish to whitish. And the corre-
sponding SEM image indicates the formation of AgCl nano-
particles with cubic morphology of an approximate average size
of 150 nm (Fig. 1A). This result is consistent with previous
reports.48 In the above solution, HAuCl4 provides Cl�, and
AgNO3 provides Ag+ to form AgCl crystals. When 3.0 mL 0.2 M
AA was added into the above reaction mixture, the colour of the
solution immediately turns to colourless and then to dark
green. At this stage, AuCl4

� is reduced on the surface of AgCl to
form AgCl@Au. Then, with further reaction, the AgCl@Au cube
transforms to spherical Au nanoparticles with island rough
surface (Fig. 1B). And we did not observe the formation of
individual gold nanoparticles. This is because gold growth on
the surface of the AgCl cube is more favourable than the
nucleation alone.49 While increasing the reaction time and leave
other conditions unchanged, a small amount of rough sheet
structure formed on the surface of the spherical gold nano-
particles (Fig. 1C). As the reaction proceeds, the highly rough
sheet structure gradually increases and eventually forms a 3D
Au hydrangea (Fig. 1D). It is worth to note that there are many
small Au particles grow out of the petals which make it high
catalytic activities. The prepared gold nanoowers will be
treated with NH4OH solution to remove the AgCl template, and
nally form hollow ower gold nanoparticles. This result is
consistent with previous reports.48 Moreover, the size of the
hollow gold nanoower can be systematically controlled by
varying the concentration of HAuCl4. As shown in Fig. 2A–F,
when the volume of HAuCl4 is 60 mL, 80 mL, 100 mL, 150 mL, 200
mL and 250 mL while maintaining other reaction parameters, the
Fig. 2 SEM images of various sized hollow gold nanoflower: (A)
170 nm, (B) 240 nm, (C) 300 nm, (D) 410 nm, (E) 430 nm, (F) 550 nm in
diameter. Scale bar, 500 nm.

10316 | RSC Adv., 2019, 9, 10314–10319
diameter of the obtained ower-like Au crystal are: 170 nm
(Fig. 2A), 240 nm (Fig. 2B), 300 nm (Fig. 2C), 410 nm (Fig. 2D),
430 nm (Fig. 2E), 550 nm (Fig. 2F), respectively. The synthesized
Au hydrangea crystalline structure and the phase composition
were characterized by X-ray diffraction (XRD), HRTEM and EDS.
The XRD pattern of the ower Au crystals in Fig. 3A shows the
characteristic diffraction peaks of (111), (200), (220) and (311),
which are index to the face-centred-cubic (fcc) structure of Au.
There are no obvious impurity was observed, which indicates
that the ower Au crystals are well crystallized and the sample is
pure. Furthermore, as we can see the intensity of the (111) peak
is much higher than other peaks, indicating that the hydrangea
ower-like Au crystals possess plenty of (111) facets. Fig. 3B
shows a typical TEM image of hydrangea ower-like Au crystals.
The image shows the contrast of the different regions of the
gold crystal indicating the ower-like structure of the crystal.
HRTEM image (Fig. 3C), which was recorded from the circled
area in Fig. 3B, was used to further observe the structure of the
synthesised gold crystals. As shown in Fig. 3C, the lattice
spacing is 0.237 nm, which indicating the sheet-like petals of Au
nanostructure are mainly composed of {111} planes. And the
gold crystals were further identied by high-angle annular dark
eld scanning transmission electron microscopy (HAADF-
STEM) and energy dispersive X-ray spectroscopy (EDS)
elemental mapping (Fig. 3D). The HADDF-STEM image of gold
crystals display a gray zone in the centre enclosed by a much
brighter zone on the edge, which can be attributed to the hollow
core and the Au shell, respectively. In some SEM images, we also
Fig. 3 Characterization of hydrangea gold nanostructures. (A) XRD
pattern of hydrangea Au crystals. (B) TEM image of Au crystal. (C)
HRTEM image of Au crystals. (D) HADDF-STEM image of gold crystals.
(E) and (F) EDS elemental mapping of hollow Au crystals indicating the
Au and Ag elemental distribution. (G) The corresponding EDS
elemental spectrum of Au crystals.

This journal is © The Royal Society of Chemistry 2019
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observed the hollow structure of the synthesised gold nano-
ower (Fig. S1†). Furthermore, from the HRTEM image of the
entire gold nanoparticle (Fig. S2†) we can see the scattered gray
areas, which also indicates that the synthesised gold nano-
particles are hollow. The EDS mapping (Fig. 3E and F) clearly
shows that Au is distributed over the entire surface and only
a small amount of silver is present to stabilize the surface.50 EDS
elemental spectra (Fig. 3G) further conrms that the gold ower
is predominantly gold (98.5 wt%) with residual silver (1.5 wt%).
Fig. 5 UV-vis absorption spectra of 4-NTP in the presence of NaBH4

at different times during the process of reduction under the catalysis of
flower-like gold crystals (300 nm). (A) 0–11 min, (B) 12–50 min. (C)
SERS spectra recorded during the reduction of 4-NTP on Au crystals
after different reaction times.
3.2. Monitoring of catalytic reactions by UV-vis and SERS

In order to evaluate the catalytic properties of the prepared
metal nanocrystals, we applied a model reaction that reduced 4-
nitrothiophenol (4-NTP) to 4-aminothiophenol (4-ATP) in the
presence of NaBH4 solution. As shown in Fig. 4A, the obtained
ower-like Au nanoparticles show a weak surface plasmon
resonance (SPR) peak centred at�680 nm. First, we investigated
the change of 4-NTP under the action of NaBH4 when Au cata-
lyst is not added. As shown in Fig. 4B, there was no obvious
change in the absorption peak around 410 nm, indicating that
4-NTP did not react in the absence of ower-like Au nano-
particles. Then, we measured the UV-vis absorption peak of 4-
NTP and 4-ATP in the presence of NaBH4, which are located at
410 nm and 270 nm, respectively (Fig. S3 and S4†). The initial
concentrations of 4-NTP and NaBH4 were 0.1 mM and 0.1 M,
respectively, so that NaBH4 was in large excess. And 0.1 mL
10 mg mL�1

ower-like Au crystals (300 nm) were used. From
Fig. 5A, we can see that the characteristic peak of 4-nitro-
thiophenolate at 410 nm decreases with the reaction time
increasing, and nearly disappears aer 11 minutes. At the same
time, two new peaks, 340 and 270, appeared. Interestingly,
when the peak of 410 is reduced, the 340 and 270 peaks increase
simultaneously. Moreover, the peak of 340 increases faster than
the peak of 270. As the reaction progressed to 12 min, the 410
peak disappeared, leaving only two peaks of 340 and 270
(Fig. 5B). As the reaction time continues increasing, the 340
peak decreases, while the 270 peak increases. At 50 min, the 340
Fig. 4 (A) UV-vis absorption spectra of Au nanoparticles. (B) Absorp-
tion spectra of 4-NTPwith NaBH4. UV-vis absorption spectra of 4-NTP
in the presence of NaBH4 with different amount flower-like gold
crystals (300 nm). (C) 0.75 mg, (D) 3.00 mg.

This journal is © The Royal Society of Chemistry 2019
peak disappeared, leaving only 270 peaks. As we know, the new
peak around 270 nm assigned to the product, 4-ATP (Fig. S4†).
Combined with the subsequent Raman test, we can infer that
the 340 peak corresponds to the intermediate product trans-4,40-
dimercaptoazobenzene (trans-DMAB). Furthermore, the UV-vis
spectra analysis of trans-DMAB was calculated by TD B3LYP/6-
311+G (d, p) basis set. And the optimized structure of trans-
DMAB was calculated by B3LYP/6-311+G (d, p). The calculation
results show that the UV-vis absorption peak of trans-DMAB is
located at 340 nm (Fig. S5†), which is consistent with the
experimental results. All the calculations include geometry
optimization and UV-vis spectrum were performed by Gauss
View program and Gaussian 09W program package.57 There-
fore, we can deduce that 4-NTP was rst transformed into
DMAB and then into 4-ATP. In addition, we investigated the
effect of the amount of Au catalyst on the catalytic reaction.
Fig. 4C and D are the UV-vis spectroscopy of the reaction as
a function of reaction time when the amounts of catalyst added
were 0.7 mg and 3.0 mg, respectively. We can see that when the
amount of catalyst is 0.7 mg, the reaction of 4-NTP complete
conversion DMAB takes 35 min (Fig. 4C). However, when the
amount of the catalyst is increased to 3.0 mg, the process is
completed within 1 min, so that we can't monitor the 4-NTP
(Fig. 4D). When the amount of Au catalyst added was 1.0 mg,
1.5 mg, 2.0 mg and 3.0 mg while maintaining other reaction
conditions, the total reaction time for 4-NTP to completely
convert to 4-ATP was 50 min, 43 min, 32 min and 20 min,
RSC Adv., 2019, 9, 10314–10319 | 10317
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respectively (see details in Fig. S6–S8†). Thus we can conclude
that the reaction rate will increase as the amount of catalyst
added increases. Moreover, hydrangea ower-like Au hollow
nanoparticles were employed as a dual catalyst and an active
SERS substrate. In the SERS measurements, we used the ower-
like Au nanoparticles with the size of 300 nm. Many studies
have shown that the adsorption of 4-NTP molecules on bare
SERS active substrates will be converted by light to dimerization
of the azo compound, p,p0-dimercaptoazobenzene (DMAB)
under high power laser irradiation.54–56 To avoid the side reac-
tion, we chose a low laser power of 0.2 mW for the SERS
measurements. In addition, in order to avoid plasma-driven
photocatalytic side reactions as much as possible, during the
Raman test interval, we removed the reaction cell to avoid long-
term laser irradiation. The results of time-resolved SERS spectra
indicated that the process of NaBH4 reducing 4-NTP to 4-ATP
under Au catalysis included two consecutive steps. The rst step
involves that the reduction of 4-NTP to trans-DMAB. Next the
trans-DMAB is transformed to 4-ATP. Fig. 5C shows the SERS
spectra of 4-NTP at different time intervals aer addition of the
Au catalyst and the reducing agent NaBH4. Previous studies
have shown that the characteristic bands of 4-NTP at 1572,
1336, and 1108 cm�1, assigned to the C–C stretching modes
(nCC), NO2 symmetric stretching (nNO2), and C–N (nCN)
bending, respectively.51,52 At t ¼ 0 min, the SERS spectrum
shows three characteristic vibrational bands of 4-NTP. At t ¼
4 min, the nNO2 of 4-NTP was blue shied from 1336 to
1330 cm�1, together with a decrease in peak intensity. At the
same time, the intensities of nCC and nCN decreased without
any change of their peak positions. Furthermore, three new
bands appeared, 1142, 1388, and 1429 cm�1 which can be
assigned to bCH + nCN, nNN + nCN, and nNN + bCH of trans-
DMAB, respectively.53 As the reaction progressed to 8 min and
then 10 min, we noticed that the three bands of trans-DMAB
continuously increased in intensity, together with the three
bands of 4-NTP gradually decreased in intensity. At t ¼ 11 min,
a new band, 1595 cm�1, appeared which can be assigned to nCC
of 4-ATP meanwhile the 1108 cm�1 band almost disappeared.
As the reaction time continues increasing, the band of 4-ATP (at
1595 cm�1) was continuously increase in intensity, together
with all the other peaks were gradually decrease. At t ¼ 50 min,
the peaks of 4-NTP and trans-DMAB are all disappeared. It is
worth noting that two relatively stable peaks, 1083 and
1179 cm�1, in all the SERS spectra during the process of the
reaction can be assigned to 4-NTP, trans-DMAB, or 4-ATP. The
results of the SERS monitoring reaction process are consistent
with the UV-vis results, both of which demonstrate that 4-NTP is
rst converted to trans-DMAB and then to 4-ATP.

4. Conclusions

In summary, we have demonstrated the synthesis of hydrangea
ower-like hollow Au crystals with highly roughened sheet-like
petals by a one-pot synthesis method. By simply changing the
volume of the HAuCl4 solution, we achieved a regulation of Au
nanoparticle size from 170–550 nm. And the growthmechanism
of ower-like Au hetero-nanostructure was explored. The
10318 | RSC Adv., 2019, 9, 10314–10319
prepared gold crystal has the advantages of both a 3D structure
and a hollow structure, which can be used as a dual catalyst with
SERS activity for in situ monitoring reduction reaction of 4-NTP
to 4-ATP. We have achieved the in situ monitoring the reaction
process both by UV-vis spectroscopy and SERS. This work not
only provides an approach for preparing hollow nanostructure
with ower-like shell, but also provides proposed hierarchical
hollow gold nanoower for potential applications in SERS-
based sensors and catalyst.
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J. G. Izquierdo, L. Bañares, P. Llombart, L. G. Macdowell,
M. A. Palafox, L. M. Liz-Marzán, O. P. Rodŕıguez and
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