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Au-based nanocatalysts are usually capped with surfactant and cannot be directly used. Thermal
annealing is an effective method for surface cleaning. However, the effect of Au species on activity in
thermal annealing process is always ignored. We studied the effects of surfactant and Au species on
catalytic performance using Au@porous SiO, (Au@pSiO,). It was found that the Au@pSiO, annealed at
different temperatures showed different performances toward the reduction of 4-nitrophenol at the same
time when the size of Au was maintained. The activity of the annealed Au@pSiO, was higher than that of
the untreated sample. The sample annealed at 500 °C had the best performance and the catalytic activity
was higher than that of the Au-based catalysts reported in the literatures. It was concluded that cationic
Au species and the surfactant PVP had a combined effect on catalytic performance. The removal of the
surfactant PVP from the surfaces of the Au NPs during thermal annealing process enhanced the activity,
and the cationic Au species played a vital role in catalytic performance. The results are beneficial to
surface cleaning and pretreatment condition determining. Surprisingly, there was an induction period for
the untreated Au@pSiO, in the catalytic process because PVP blocked the adsorption and migration of 4-
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The effects of Au species and surfactant of Au@SiO, on catalytic

nitrophenol on the surface of the Au. The disappearing of the induction period for the annealed samples

can be attributed to the removal of PVP.

Introduction

Au nanoparticles (NPs) have made great progress because of
excellent properties and outstanding activities in many fields.'*
Au NPs supported and alone are usually surrounded by
surfactants and cannot be directly used as catalysts.”” Au-based
catalysts are usually annealed at high temperatures to remove
surface impurities. However, in the thermal annealing process,
the effect of Au species on catalytic activity is always ignored.

Surfactants on nanoparticle surface block active sites and
impact the catalytic activity negatively.>’ Thermal annealing is an
effective method for surface cleaning. Li’s group'® utilized three
methods to remove surfactant on Pt NPs and studied the effect of
the surfactant removal on the electrocatalytic performance. The
results showed that low-temperature thermal annealing (~185 °C)
in air was found to be the most effective for surface cleaning
without inducing changes of particle size and morphology.
However, the changing of the nature of the Pt NPs, which was
significant in catalysis, was ignored during the thermal annealing
process.

For Au NPs, the activities strongly depend upon their sizes and
Au species. The effect of Au species on catalyst is still being
debated. Cationic Au species have been found to be more
important than metallic state Au species for oxidation reactions.'"”
3 However, little attention has been paid to the effect of Au
species on catalytic activity in reduction reactions.'* In fact, it is

difficult to investigate the effects of Au species on catalytic
performance because the synthesized structure of NPs supported
and alone both deform and are different from those of pristine
NPs at high temperatures. Therefore, data and results obtained
from those deformed NPs are inaccurate. Au species affect the
catalytic activity greatly, so understanding the effect of Au
species on performance at the same time when the size of Au is
maintained is urgent.

Core-shell NPs can effectively protect noble metal NPs from
aggregation. To satisfy the requirements of different application
fields, a series of core-shell NPs were synthesized, such as
Au@Cu,0,'%" Au@TiO,,"*"” Pd@Ce0,” and Au@Fe;0,.2"*
As a material of shell, amorphous SiO, has been studied
extensively due to its high thermal stability, biocompatibility and
functionalization.*** SiO, shell is inert and provides convenience
for exploring the effects of Au species and surfactant on catalytic
performance.

Herein, Au@porous SiO, (Au@pSiO,) nanocatalysts were
synthesized by using typical Stober method combined with
hydrothermal etching. Thermal annealing in air was used to
change surface properties of Au at the same time when the size of
the Au was maintained. We carried out the reduction of 4-
nitrophenol (4-NP) with NaBH, reaction to explore activities of
the Au@pSiO, (Scheme 1). The activity of the annealed
Au@pSiO, was higher than that of untreated Au@pSiO,. The
Au@pSiO, annealed at different temperatures showed different
performances and the samples annealed at 500 °C had the best
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Scheme 1 Schematic illustration of the experimental procedure. Left top: synthetic route of Au@pSiO,. Down: catalytic procedure of the

reduction of 4-NP over Au@pSiO,.

performance. It was concluded that cationic Au species and the
surfactant PVP had a combined effect on catalytic performance.
The removal of the surfactant PVP from the surfaces of the Au
NPs during thermal annealing process enhanced the activity, and
the cationic Au species played a vital role in catalytic
performance. Furthermore, induction period was found in the
process of the reduction reaction. For untreated Au@pSiO,, the
surfactant PVP on the surfaces of the Au NPs hindered the
diffusion and migration of 4-NP, resulting in the emerging of the
induction period. The removal of PVP from the surfaces of the Au
NPs for the annealed Au@pSiO, led to the disappearing of the
induction period. The removal of the surfactant is necessary to
obtain high-activity catalysts, and the annealing temperature
should be appropriate because of the changes of Au species.

Experimental

Materials. Chloroauric acid (HAuCl4*3H,0) was purchased from
Sinopharm (Shanghai, China). Ammonium hydroxide (NH;°H,O,
25 % by weight in water) and sodium citrate were purchased
from Beijing Chemical Works (Beijing, China). Poly(vinyl
pyrrolidone) (PVP K30) was purchased from Beijing Yili Fine
Chemical Research Institute (Beijing, China).
Tetraethylorthosilicate (TEOS) was purchased from Xilong
Chemical Co., Ltd. (Guangdong, China). All chemicals were
analytical-grade reagents and used as received without further
purification.

Preparation of Au@pSiO, NPs. Au NPs were prepared
according to a previously reported method with slight
modification.” In a typical synthesis, 4.5 mL HAuCl, * 3H,0 (4

35
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g/L) and 30 mL deionized water were added in a three-neck flake,
and then put in an oil bath. The oil bath was heated to 150 °C and
kept for 30 min under vigorous stirring. A condenser was fixed on
the three-neck flake to keep the constant of the solution volume.
1.0 mL sodium citrate aqueous solution (3.0 wt %) was injected
quickly into above-mentioned solution and then refluxed for 30
min. After the solution was cooled down to room temperature, an
aqueous solution of PVP K30 (0.03 g/mL, 0.65 mL) was added to
the colloidal Au solution in order to modify the surfaces of
AuNPs to facilitate silica coating. The solution was stirred for 12
h at room temperature. PVP-modified Au were collected by
centrifugation (9000 rpm, 30 min) and redispersed in 10 mL
water under ultrasonic wave. 5.0 mL PVP-modified Au was
added to 18 mL ethanol and vibrated for 2 min in an oscillator. A
solution of TEOS (0.1 mL) in ethanol (2.0 mL) was injected into
the above solution under vigorous stirring. Then, 0.65 mL
NH;*H,0 was added to the above solution. The reaction mixture
was stirred for 1 h. Then a half of the solution was added to a 100
mL Teflon-lined stainless autoclave containing 30 mL water. The
Teflon-lined stainless autoclave was transferred into an oven,
heated at 393 K for 30 min and cooled to room temperature. The
synthesis route to Au@pSiO, nanoparticles is illustrated in
Scheme 1. (a) the synthesis of monodispersed Au; (b) coating a
dense SiO, shell on the surface of the Au by hydrolytic
condensation of TEOS; (c) the converting of the dense SiO, shell
into the mesostructure by using hydrothermal etching. The
products were centrifuged (9000 rpm, 30 min) and washed with
ethanol. Finally, the products were dried at 60 °C and then heated
from room temperature to 350 °C, 500 °C and 700 °C with a
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heating rate of 5 °C/min and annealed at 350 °C, 500 °C and 700
°C each for 2 h.
Preparation of Au/SiO, NPs. 10.0 mL water was added to 36
mL ethanol at 30 °C. 2 min later, a solution of TEOS (0.2 mL) in
ethanol (4.0 mL) was injected under vigorous stirring. Then, 1.30
10 mL NH3°H,0 was added to the above solution. The mixture was
stirred for 1 h. The product was centrifuged and dispersed in 36
mL ethanol by using ultrasonic wave. The PVP-modified Au was
added to the solution. After 1 h, the product was centrifuged and
washed with ethanol. Finally, the products were dried at 60 °C
15 and then heated from room temperature to 350 °C, 500 °C and
700 °C with a heating rate of 5 °C/min and annealed at 350 °C,

w

500 °C and 700 °C each for 2 h. The SiO,-supported Au (Au/SiO,)

was obtained.

Characterization. The morphologies of the samples were
20 characterized by using transmission electron microscopies (TEM,
Hitachi-800 and JEM-3010). TEM samples were prepared by
dropping the NP solution onto a carbon coated copper grid. FTIR
spectra were recorded from 500 cm” to 4000 cm’ at room
temperature by using a 370MCT IR spectrophotometer. UV-Vis
spectra were recorded from 250 nm to 600 nm at room
temperature by using a UV-3010 UV-Vis spectrophotometer. The
X-ray diffraction (XRD) patterns of the samples were conducted
on a D/Max2500V diffractometer with Cu Ka radiation by using
Au@pSiO, powder. Thermo gravimetric analysis (TGA) was
30 conducted in air by using a TA Instruments Q500, and the heating

rate was set to 10 °C/min. X-ray photoelectron spectra (XPS)

were carried out on a VG Scientific ESCALAB 250 spectrometer.

Au@pSiO, NPs were ground in an agate mortar for 10 min

before preparing the XPS samples.

35 Catalytic reduction of 4-nitrophenol. The reduction of 4-
nitrophenol (4-NP) to 4-aminophenol (4-AP) by NaBH, was
chosen as a model reaction for testing and comparing the
efficiencies of different catalysts. Typically, 2 mL of 1 mM 4-NP
aqueous solution was added to 16 mL deionized water and then

40 mixed with 2 mL of 100 mM NaBH, aqueous solution. The
mixture was stirred to form a uniform solution, and then 0.1 mg
catalyst (Au@pSiO,, Au wt: 26.77 %) was added. After
introducing the catalyst, the bright yellow solution gradually
faded as the reaction progressed. The UV-Vis spectra of the

45 solution were recorded every 2 min during the course of the

2!

G

reaction (Schemel).
Catalytic reduction of 4-NP over Au@pSiO, activated by
NaBH, or 4-NP beforehand. Typically, an amount of catalyst
(0.1 g/mL untreated Au@pSiO,) was added to the mixture of 16
so mL deionized water and 2 mL of 100 mM NaBH, aqueous
solution (or 2 mL of 1 mM 4-NP aqueous solution), and stirred
(or activated) for 15 min. Then, 2 mL of 1 mM 4-NP aqueous
solution (or 2 mL of 100 mM NaBH, aqueous solution) was
added in to trigger the catalytic reaction. The UV-Vis spectra of
ss the finally obtained solution were recorded during the course of
the reaction every 2 min. For comparison, a catalytic reaction
without the activation process was also carried out.

Results and discussion

Synthesis and Characterization of Au@pSiO, NPs. The
o0 Au@pSiO, was synthesized by typical Stober method combined

Fig. 2 TEM images of Au@pSiO, annealed at different
temperatures: (a) without annealing, (b) 350 °C, (¢)500 °C, and
65 (d)700 °C
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Fig. 3 Time-dependent UV-Vis spectra for the reduction of 4-NP with the Au@pSiO, annealed at different temperatures: (a) without
annealing, (b) 350 °C, (c) 500 °C, (d) 700 °C, (e) time-dependent conversion curves, and (f) plot of In(C/Cy) against reaction time for the

four samples.

with hydrothermal etching in the presence of the dispersed Au. It
is observed that the Au NPs with an average size of 30 nm are
dispersed well. The peak centered at 523 nm is the typical
characteristic of the Au NPs in UV-Vis spectrum shown in the
inset of Fig. la. As can be seen from Figs. 1b and 1c, the size of
the Au NPs is 30 nm in the Au@pSiO,, which is similar to that of
the dispersed Au NPs, and the average diameter of the Au@pSiO,
is about 100 nm. SiO, shells uniformly encapsulate the Au, and
the Au cores show a darker contrast than the SiO, shells. The
Dense SiO, shells are converted into a porous structure after
hydrothermal etching, and the surface of the Au@pSiO, are
rougher than those of Au@SiO, because of the etching during
hydrothermal process.

It was reported that SiO, formed by using a typical Stober
method was inhomogeneous in nature. The outer layer of the
Si0, was more chemically robust than the inner layer, which can
be selectively etched by hot water.® Therefore, the etching
process started from the inner layer of the SiO,, forming the
porous structure finally. In this work, during the hydrothermal
process, hot water can attack the generated SiO, from the softer
inner section when excess water was added to break the chemical
equilibrium of the hydrolysis of TEOS in the reaction system.

The size and morphology of the Au@pSiO, are almost not
changed, even after being annealed at 700 °C (Fig. 2), indicating
the high sintering-resistant performance of the Au@pSiO,.
Au/SiO, was prepared for the comparing of the stability of the
Au@pSiO,. The TEM images of the Au/SiO, annealed at
different temperatures are illustrated in Fig. S1. It can be seen
that the Au NPs fail to withstand sintering even when annealed at
350 °C, and that Au/SiO, cannot be used to investigate the nature
of Au, due to the changes of Au size and Au species during the

calcination process.
Catalytic performance of Au@pSiO, NPs. 4-NP, as a toxic
pollutant, is difficult to degrade. 4-AP is a useful raw material in
medicine, chemical industry and so on. The catalytic reduction of
4-NP over Au NPs in the presence of NaBH, has been widely
investigated for the production of 4-AP.%” Therefore, we utilized
the reduction of 4-NP to 4-AP with excess NaBH, as a model
reaction to study catalytic activity of the Au@pSiO,, and the as-
prepared Au@pSiO, provides convenience for exploring the
nature of Au and the influence of the surfactant on catalytic
performance. The process can be monitored by UV-Vis spectrum
because 4-NP and 4-AP have different absorbances in the UV-
Vis range (Amax= 400 nm and 300 nm, respectively).”®

The pale yellow aqueous solution of 4-NP was changed into
dark yellow after NaBH, was added in. A red shift with
absorption maximum at 400 nm was observed immediately after
the adding of NaBH,, which is illustrated in Fig. S2a. This is due
to the formation of 4-nitrophenolate ions in a NaBH, medium.”
Control experiments demonstrate that the reduction reaction is
not catalyzed by NaBH, aqueous solution (Fig. S2b). When a
trace amount of the Au@pSiO, was introduced, successive fading
of the characteristic yellow colour of the 4-nitrophenolate ions
was observed. Figs. 3a-3d show typical examples of such
reduction catalyzed by the Au@pSiO, annealed at different
temperatures, from which the conversion curves and plots of
In(C/Cy) against reaction time where C, and C, are the
concentrations of the 4-NP at times t and O, respectively, were
obtained (Figs. 3e and 3f). As can be seen from Fig. 3, the
catalytic activity is enhanced after Au@pSiO, annealed at
different temperatures, and the sample annealed at 500 °C has the

2
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Fig. 4 (a) XRD patterns of the Au@pSiO, annealed at different temperatures, (b) TG curve of the Au@pSiO,.

s best performance, followed by the samples annealed at 350 °C
and 700 °C. The kinetic constant k is 14*107 s pmol Au™,
which is higher than that of the other Au-containing nanocatalysts
reported in the literatures (Table S1). It was reported that the
activity of the sample SiO,/Pt@SiO, annealed at 800 °C was

10 below that of the untreated sample for the reduction of 4-NP,
which was due to the agglomeration of Pt NPs.*® In our work, as
the size of the Au is maintained even after being annealed at 700
°C, the effect of the size of the Au on the catalytic performance is
excluded. To discover the reason why the samples annealed at

s different temperatures show different catalytic performances, we

carried out XRD analysis, TG analysis and so on. For Au@pSiO,

NPs, the characteristic diffraction peaks correspond to the

diffraction pattern of cubic phase Au (PDF 01-1172), and the

XRD patterns (Fig. 4a) are similar to those reported in the

literature.®' There is almost no difference for XRD patterns of the

four samples, indicating that crystallinity have no influence on
catalytic performance.

Fig. 4b shows the TG curve of the Au@pSiO,.The weight loss
of the sample resulted from 20-200 °C can be ascribed to the
physically and chemically absorbed water and other organic
species with low molecular weights. There is a significant weight
loss at temperature above 200 °C, where PVP starts decomposing.
A slight decreasing in weight can be seen above 500 °C,
indicating that PVP is nearly totally removed from the surfaces of
30 the Au NPs. The FTIR spectra of the Au@pSiO, annealed at

different temperatures are shown in Fig. S3. For reference, the

obtaining of the spectrumof pure PVP was also conducted. The
bands at 2850 cm™' and 2920 cm‘l, which can be ascribed to the
characteristic frequencies of the antisymmetric and symmetric

35 stretching of methylene in PVP molecules,

respectively, are observed in the untreated NPs and the sample

annealed at 350 °C. The C-H bands disappear for the samples
annealed at 500 °C and 700 °C, suggesting the nearly completely
removing of PVP from the surfaces of the Au NPs annealed at

500 °C and 700 °C.

It is well known that organic molecules or other species located
at the surfaces of the metal NPs have effects on the catalytic
performance, which involves the exposure of active sites. From

S

G

vibrations

4

the TG curve and the IR spectra, we can find that PVP is partly
45 and nearly fully removed at 350 °C and 500 °C, respectively. For
the annealed samples, new active sites of Au NPs that are
occupied by PVP beforehand are exposed, resulting in the
enhanced activity. With the increase of the annealing
temperature, PVP located at the surfaces of the Au NPs is
decomposed and the catalytic activities increase gradually. In
other words, the removal of the surfactant PVP is important for
catalytic performance, which benefits from the new exposing of
the active sites of the Au NPs occupied by PVP beforehand.

The relative amount of Au species can be changed during the
thermal annealing process. As Au species affect the catalytic
activity greatly, XPS spectra were used to further investigate the
effect of Au species on the catalytic performance for the
Au@pSiO,. Au species were analyzed by XPS spectrum
combining with XPS PEAK41 software, and four peaks centered
0 at around 83.8, 87.5, 84.5 and 88.2 eV were obtained (Fig. 5 and

Table S2). The peaks at round 83.8 and 87.5 eV can be assigned

(b)

5

5.

a

Intensity (a.u.)
Intensity (a.u.)

88 86 84 82 80 88 84 82 80
Energy binding (eV)

86
Energy binding (eV)
(d)

Intensity (a.u.)
Intensity (a.u.)

88 80 88 80

Eneergy binaéing (es\%) Engigy bi::iing (26)
Fig. 5 Au 4f XPS spectra of Au@pSiO, annealed at different

65 temperatures: (a) without annealing, (b) 350 °C, (c) 500 °C, and
(d) 700 °C.
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to Au’, and other peaks can be assigned to Au™ according to the
reports in the literatures.**>® The XPS results reveal that the
relative intensity of Au™ declines steadily when increasing the
annealing temperature, which is consistent with that reported in
3941 when the annealing temperatures are 500 and
700 °C, PVP is nearly completely removed from the surfaces of
the samples. The Au™/Au’ ratio of the samples annealed at 500
and 700 °C are 0.56 and 0.41, respectively. The catalytic activity
of the Au@pSiO, annealed at 700 °C is lower than that of the
Au@pSiO, annealed at 500 °C due to the lower content of
cationic Au, which indicates that cationic Au species play a vital
role in the reduction of 4-NP.

The relative intensity of Au™ for the sample annealed at 350

°C is higher than that for the sample annealed at 500 °C, but a
portion of PVP is still located at the surfaces of the Au NPs for
the sample annealed at 350 °C, leading to similar activities for the
two samples. Although the ratio of Au™/Au’ of the untreated
sample is higher than those of the annealed samples, the
surfactant PVP located at the surface of the Au for the untreated
sample results in the lower activity. In brief, not only PVP but
also the cationic Au species have effects on catalytic performance
for the reduction of 4-NP. These results will be beneficial to
surface cleaning and pretreatment condition determining of
catalysts, especially Au-based catalysts.
Induction period. Interestingly, it is also found that an induction
period existed during the reduction process of the untreated
Au@pSiO, (Fig. 3, black curve). That is, the concentration of 4-
NP changes slowly initially, and become fast suddenly after a
specific reaction time, and then decreases step by step. Induction
period disappeared for the annealed samples. It was reported that
the induction period was attributed to the diffusion of reactants
into the inner spaces resulting from pore structure.** However,
Zhang’s group® reported that the induction period was dependent
on the size of the Au core encapsulated in the Au@mSiO, yolk-
shell NPs, and the induction period disappeared when the size of
the Au core was smaller than 21 nm. Camargo’s group* prepared
Au/TiO, NPs and found that the induction period was also
dependent on the size of the Au NPs. Because of the direct
exposing of the Au NPs to the reactants, there was no diffusion
process. Therefore, the induction period cannot be only ascribed
to the resistance resulting from diffusion. In this work, the
induction period disappeared for the annealed Au@pSiO, while
the pore structure remained. Thus, the diffusion of the reactants
resulting from pore structure of the Au@pSiO,, which leads to
the induction period, was implausible.

In general, induction period is a process of regulating the
activity of the surface conditions of catalysts under catalytic
reaction system. It is the synergism effect between the property
changes of the catalyst surface and the adsorption or migration of
catalytic substrate. NaBH,, as a strong reductant, may alter the
surface conditions of catalysts, which probably results in the
induction period. After the Au@pSiO, had been soaked in
NaBH, solution for 15 min, the reduction reaction was initiated
when 4-NP was added in. It is clearly seen that the induction
period still exists (as shown in Fig. S4), which indicates that the
NaBH, cannot activate the Au@pSiO,, and the induction period
cannot be induced by NaBH,. Moreover, we also carried out the

the literatures.

=y
&

95

Without annealing

G

‘ Au@Si02 — PVP @AW e ¢ ° ¢
Scheme 2 Schematic illustration of catalysis mechanism for
Au@pSiO, annealed at different temperatures.

experiment to verify whether 4-NP can activate Au. The result is
also illustrated in Fig. S4 and the induction period still exists,
indicating that 4-NP cannot activate the Au@pSiO,. Normally,
structure determines properties. The distinct difference was the
removal of PVP between the annealed Au@pSiO, and the
untreated Au@pSiO,. Because of the competition between 4-
nitrophenol and PVP on the surfaces of Au NPs, PVP blocks the
adsorption and migration of 4-NP on the surfaces of the Au NPs,
leading to the appearing of the induction period for the untreated
Au@pSiO,. When PVP was removed, 4-NP can be easily
diffused and migrated on the surface of the Au, resulting in the
disappearing of the induction period for the annealed Au@pSiO,.
In other words, PVP is the key factor to the induction period.
Catalysis mechanism for Au@pSiO, NPs. Based on the above
results, the catalysis mechanism can be summarized, as shown in
Scheme 2. PVP is used for stabilizing Au in the synthetic process
and exists between the Au core and the SiO, shell in the
Au@pSiO,. PVP is removed gradually from the surfaces of the
Au NPs with the increase of the annealing temperature, leading to
the enhancing of the activity of the Au@pSiO,. However, the
cationic Au species decrease gradually with the increase of the
annealing temperature, resulting in the lower activity of the
Au@pSiO, annealed at 700 °C than that of the Au@pSiO,
annealed at 500 °C at the same time when PVP is removed
completely. Thanks to the combined effect of Au species and the
surfactant PVP on activity, the sample annealed at 500 °C has a
performance similar to the sample annealed at 350 °C.

There is competition between 4-NP and PVP on the surfaces of
the Au NPs. When the untreated Au@pSiO, is added to the 4-NP
and NaBH, solution, 4-NP diffuses into the interior of the
Au@pSiO,, and PVP blocks the absorption and migration of 4-
NP on the surfaces of the Au NPs, resulting in the appearing of
the induction period. For the annealed Au@pSiO,, PVP is
removed and 4-NP can be easily absorbed onto the surfaces of the

6|Journal Name, [year], [vol], 00—00
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Au NPs. Therefore, the induction period disappears. Although a 12 J. Fierro-Gonzalez and B. Gates, Catal. Today, 2007, 122,
portion of PVP is remained in the Au@pSiO, annealed at 350 °C, 55 201.
the amount of PVP is too little to block 4-NP, also leading to the 13 J. Guzman and B. Gates, J. Am. Chem. Soc., 2004, 126, 2672.

disappearing of the induction period. 14 X.Zhang, H. Shi and B. Xu, J. Catal., 2011, 279, 75.
15 W. Wang, L. Lyu and M. Huang, Chem. Mater., 2011, 23,
s Conclusions 26717.
60 16 C. Kuo, T. Hua and M. Huang, J. Am. Chem. Soc., 2009, 131,

In summary, the Au@pSiO, was prepared by using typical
Stober method combined with hydrothermal etching, and the
effects of Au species and PVP on the catalytic activity of 4-
nitrophenol reduction in thermal annealing process were

10 investigated. The activity of the Au@pSiO, was enhanced after
annealing because of the removal of PVP, and the Au@pSiO,
annealed at 500 °C had the best performance. The removal of the
surfactant was necessary to obtain highly active catalysts.
However, the annealing temperature should not be too high

15 because of the decrease of cationic Au species, which was
important in catalyzing the reduction of 4-NP. That is, the
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The cationic Au species and surfactant of the Au@pSiO, had a combined effect on the catalytic
reduction of 4-NP.



