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Abstract Core-shell AuNR@Ag nanostructures were
synthesized and surface-grafted with thermosensitive
poly(N-isopropylacrylamide) to enhance stability and
endow stimuli-responsive property. The AuNR cores
showed average dimensions of 8-nm diameter and 33-
nm length, while the anisotropic silver shells displayed
1–2 nm thin side and maximal 8 nm fat side. The
obtained polymer-stabilized AuNR@Ag nanostructures
as catalysts showed normal Arrhenius change of appar-
ent rate constant, kapp, in catalyzed reaction between 20
and 30 °C, but displayed a decrease of kapp with respect
to the temperature increasing between 32.5–40 °C,
showing self-inhibition of the observed catalytic activi-
ty. Such Bsmart^ self-inhibition of catalytic activity at
enhanced temperature can be attributed to the
thermosensitive response of the grafted polymer mole-
cules and should be significant to control the reaction
rate and avoid superheat for exothermic reactions. Such
polymer-stabilized nanocatalyst also could be recovered
and reused in the catalytic system.

Keywords Nanostructures . Gold . Silver .

Thermosensitive polymer . Catalyst

Introduction

Gold nanorods (AuNRs) have been widely employed as
special nanosupport to fabricate excellent core-shell bime-
tallic nanostructures with platinum (Feng et al. 2008;
Grzelczak et al. 2006; He et al. 2011; Lu et al. 2010b),
silver (Cho et al. 2010; Ma et al. 2014; Xiang et al. 2008),
and palladium in catalyst applications (Bi et al. 2015; Lu
et al. 2017; Ortiz et al. 2017; Zhang et al. 2009). The
coexistence of two metals in these bimetallic nanostruc-
tures alters their electronic energy band and surface distri-
bution by the intermetallic electron transfer, so they dis-
play superior catalytic activity as catalysts due to the
synergistic effect (Guo et al. 2012; Jiang and Xu 2011;
Lu et al. 2010a; Wang and Li 2011). Generally, these
bimetallic nanostructures are synthesized by surfactant-
assisted seed growth method and the obtained nanostruc-
tures are originally stabilized by surfactant molecules
(Feng et al. 2008; Xiang et al. 2008). However, the
surfactant stabilizer will be removed in the catalysis pro-
cess when the metal nanostructures are used as catalysts,
which will usually make the nanocatalysts aggregate into
precipitates after reaction due to the large surface energy
of metal nanoparticles.

To our knowledge, grafting polymers on the metal
nanoparticles can decrease the nanoparticle surface energy
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and provide steric stabilization to avoid the nanoparticle
aggregation (Chen and Klok 2013; Li et al. 2009). Re-
markably, stimuli-responsive polymers can endow fasci-
nating Bsmart^ properties to the grafted nanoparticles (Li
et al. 2007; Lu et al. 2006; Wang et al. 2016; Zhang et al.
2014). Therefore, in this work, a temperature-responsive
polymer, poly(N-isopropylacrylamide) (PNIPAM), was
selected to graft the nanostructures of AuNR core and
Ag shell (AuNR@Ag) to provide stabilization and ther-
mal sensitivity. It was found that the fabricated PNIPAM-
stabilized AuNR@Ag nanostructures showed Bsmart^
self-inhibition catalytic activity at enhanced temperature,
and they were also found to be recyclable catalysts.

Methodology and experimental

AuNR@Ag nanostructures

The core-shell AuNR@Ag nanostructures were synthe-
sized from AuNRs by a surfactant-assisted seed-growth
approach (Becker et al. 2008; Xiang et al. 2008). The
AuNRs were aforehand prepared according to the previ-
ous works (Bai et al. 2009; Li et al. 2011; Nikoobakht and
El-Sayed 2003), which were purified by centrifugation
and redispersed in 1 mM hexadecyltrimethylammonium
bromide (CTAB). Then, 20 mL above suspension of
AuNRs (containing approx. 150 μmol Au atoms) was
mixed with 150 mL CTAB solution (0.1 M), 15 mL
ascorbic acid (50 mM), and a proper volume of NaOH
solution (0.1 M) to adjust pH to about 9. Finally, 15 mL
AgNO3 (5 mM, 75 μmol Ag atoms) was added into the
mixture and thereafter a continuous growth of Ag shell
on the surface of AuNRswas performed for about 30min
until the system color changed into dark cyan.

Polymer-stabilized AuNR@Ag

The above AuNR@Ag nanostructures were purified by
centrifugation twice and subsequently incubated with
275 mL solution of sulfur-terminated PNIPAM
(0.2 mg/mL, Mw ~ 25,000) overnight at 30 °C to
perform PNIPAM grafting via the formation of Au–S
bonds. The PNIPAM-stabilized AuNR@Ag nanostruc-
tures were then separated from the mixture and further
purified twice by centrifugation with 14,000 rpm at
25 °C to discard the ungrafted polymer in the mixture.

Catalytic activity

The catalytic activity of silver shell of the
AuNR@Ag samples was checked in the reduction
of 4-nitrophenol to aminophenol by sodium borohy-
dride (Li et al. 2007; Zhang et al. 2014). Detaily,
2.3 mL aqueous solution of 0.15 mM 4-nitrophenol
was mixed with 50 μL suspension of the naked
AuNR@Ag or PNIPAM-stabilized AuNR@Ag sam-
ple (containing 0.045 μmol Ag atoms), then 250 μL
ice-cold NaBH4 solution (100 mM) was added into
the system which was immediately monitored by a
characteristic absorbance of the reactant at 400 nm.
The catalytic reaction was performed at different
temperature from 20 to 40 °C with an interval of
2.5 °C.

Characterization and instrumentation

UV-vis spectra of AuNR@Ag samples and real-time
absorbance of 4-nitrophenol at 400 nm in the cata-
lytic reaction were recorded on a PERSEE TU1901
spectrometer (Beijing Purkinje General, China)
which was equipped with a circulating water bath
(Bluepard MP-13H, Shanghai Yiheng Technical Co.,
Ltd) to control the system temperature (errors
± 0.1 °C). X-ray photoelectron spectroscopy (XPS)
was measured on a ESCALab220i-XL instrument
(VG Scientific). Transition electronic microscopic
(TEM) images were obtained on a JEM-2100 micro-
scope (JEOL, Japan). The centrifugation was per-
formed on a Sigma 3K15 centrifuge (Germany),
and the used PNIPAM-stabilized AuNR@Ag cata-
lyst was recovered by centr i fugat ion with
14,000 rpm at 35 °C for more than 4 h totally.

Results and discussion

Characterization of PNIPAM-stabilized AuNR@Ag
nanostructures

Optical photo and UV-vis spectra of the obtained
AuNRs, AuNR@Ag nanostructures, and PNIPAM-
stabilized AuNR@Ag nanostructures are shown in
Fig. 1a, b. It is found that the initial AuNRs is reddish
brown (Fig. 1a) and changes into dark cyan after the
growth of silver shells. The color of the PNIPAM-
stabilized AuNR@Ag nanostructures is very similar to

377 Page 2 of 7 J Nanopart Res (2017) 19: 377



the naked AuNR@Ag samples. Correspondingly, the
characteristic longitude and transverse surface plasmon
resonance (SPR) peaks of AuNRs in the UV-vis
spectrum (Fig. 1b) focus around 835 and 510 nm,
respectively. However, the AuNR@Ag nanostruc-
tures show more complex extinction spectrum (Dai
et al. 2017; Li et al. 2008). The sharp absorbance
at 672 nm corresponds the longitude SPR band of
AuNRs with the combination of silver coating.
The broad peak between 320 and 450 nm (focus-
ing 385 nm) is ascribed to the SPR of silver shell.
The modification by sulfur-terminated PNIPAM
only brings 2 nm redshift of longitude SPR absor-
bance to 674 nm, this should be ascribed to the
formation of Au–S bonds. Figure 1c, d shows
TEM images of the as-prepared AuNRs and the
AuNR@Ag nanostructures. The initial AuNRs in
Fig. 1c shows well-dispersed state with average
dimensions of 8-nm diameter and 33-nm length
(i.e., an aspect ratio of 4.1), which is in accor-
dance with the wavelength of longitude SPR band.

For AuNR@Ag nanostructures in Fig. 1d, an an-
isotropic coating on the surface of the AuNRs is
apparent because the thickness of Ag shell at the
two sides of gold nanorod is obviously different.
The thin side of silver shell is only 1–2 nm and
the fatter side is maximally 8 nm. Such an aniso-
tropic Ag shell can be ascribed to the dominant
side of 110 facet for silver growth (Xiang et al.
2008).

Noticeably, X-ray photoelectron spectroscopy (XPS)
survey scan of the PNIPAM-stabilized AuNR@Ag
nanostructures in Fig. 2a reveals the presence of Au
(2.3% by atom), Ag (7.4%), C (47.5%), N (24%), O
(17%), Br (1.3%), and trace sulfur. The detectable con-
tent of silver is higher than gold; this should be due to
the coverage/encapsulation of silver to gold core. The
observed binding energies at 83.9 and 87.6 eV in the
enlarged XPS spectra (Fig. 2b) correspond to metallic
Au 4f7/2 and Au4f5/2 spin-orbit split states; whereas,
those at 367.9 and 373.9 eV correspond to metallic Ag
3d5/2 and Ag 3d3/2 states, respectively. The
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Fig. 1 a–b Optical photo (a) and UV-vis spectra (b) of AuNRs (left in a), AuNR@Ag (middle in a), and PNIPAM-stabilized AuNR@Ag
nanostructures (right in a); c–d TEM images of AuNRs (c) and AuNR@Ag nanostructures (d)
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deconvolution of C1s spectrum in Fig. 2c shows three
discernible peaks with binding energies of 284.9, 286.1,
and 287.9 eV. If these three peaks are mainly attributed
to carbon atoms in C–H/C–C, C–N, and amide bonds in
PNIPAM, their integral ratio from the deconvolution

(approximately 8.5:1.6:1) differs from the theoretical
value of 4:1:1. This implies the presence of other com-
ponent which should be residual CTAB in suspension
and adsorbed CTAB on nanostructure surface. More-
over, the deconvolution of N 1s (Fig. 2d) shows major
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Fig. 2 XPS survey scan (a), Au 4f and Ag 3d (b), C 1s (c), N 1s (d), and Br 3d (e) deconvolution analysis, and S2p (f) spectrum of the
PNIPAM-stabilized AuNR@Ag nanostructures
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acrylamide bond (399.6 eV) in PNIPAM and minor
quaternary ammonium ions (402.5 eV) in CTAB; the
deconvolution of Br3d spectrum (Fig. 2e) also shows
main existence of covalent Br in PNIPAM (68.1 eV) and
minor ionic Br in CATB (69.2 eV). In addition, an
observable signal from sulfur at 162.2 eV (Fig. 2f)
further verifies successful grafting of PNIPAM to
AuNR@Ag surface.

Thermosensitive catalytic activity

The catalytic activity of silver nanoparticles were
typically detected via a catalytic reduction of 4-
nitrophenol by NaBH4 (Li et al. 2007; Zhang et al.
2014). In this work, the catalytic activity of the
naked AuNR@Ag and the PNIPAM-stabilized
AuNR@Ag samples was checked similarly. The
used molar ratio of NaBH4 to 4-nitrophenol was
about 73; thus, the concentration of NaBH4 could
be taken as a constant throughout the reaction and
first-order rate kinetics could be assumed with

respect to the concentration, c, of 4-nitrophenol.
The catalytic kinetic curves of 4-nitrophenol reduc-
tion catalyzed by the naked AuNR@Ag and the
PNIPAM-stabilized AuNR@Ag nanostructures at
different temperature were shown in Fig. 3a, b,
respectively. Obviously, there is a linear relationship
between ln[c/c0] and reaction time, t, from 20 to
40 °C, where c0 is the original concentration of 4-
nitrophenol initially. It has been shown that the
activation/introduction period of this catalytic reac-
tion strongly depends on the reaction temperature,
which is in accordance with the previous work (Li
et al. 2007). The activation/introduction period is
shorter for the naked AuNR@Ag (Fig. 3a) than the
PNIPAM-stabilized AuNR@Ag (Fig. 3b); this can
be ascribed to the partial coverage of silver surface
by PNIPAM in the latter case. The apparent rate
constant, kapp, can be calculated by linearly fitting
ln[c/c0] to t based on the first-order reaction as listed
in Table 1. Obviously, kapp for the PNIPAM-
stabilized AuNR@Ag catalyst is lower than that of
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the naked AuNR@Ag sample; this can be also ascribed
to the partial coverage of silver surface by polymer. For
the naked AuNR@Ag catalyst, kapp gradually increases
from 0.0023 to 0.0102 s−1 from 20 to 40 °C, while for
the PNIPAM-stabilized AuNR@Ag catalyst, it first in-
creases from 0.00038 to 0.00409 s−1 from 20 to 32.5 °C.
Then, it is interesting that kapp value decreases slowly to
0.00267 s−1 from 32.5 to 40 °C.

Figure 3c gives the Arrhenius plot of kapp at different
temperatures, T. For the naked AuNR@Ag catalyst, it
shows that a change of kapp value obviously obeys the
Arrhenius linear relationship between lnkapp and T−1.
However, for the PNIPAM-stabilized AuNR@Ag cata-
lyst, kapp value quite differs from the linear Arrhenius
relationship between lnkapp and T−1. First, at low tem-
perature between 20 and 27.5 °C, kapp value perfectly
obeys Arrhenius linear relationship. Then, a tiny nega-
tive deviation occurs at 30 °C, because the grafted
PNIPAM begins to thermosensitive shrink via the con-
formational change of polymer chains. Thereafter, kapp
value reaches to a maximum value at 32.5 °C, which
corresponds the lower critical solution temperature
(LCST) of PNIPAM (Li et al. 2007; Zhang et al.
2014). Finally, from 32.5 to 40 °C, kapp value decreases
slowly with respect to temperature increasing, this
should be ascribed to the coverage of shrunk polymer
chains on silver surface. The polymer shrinkage on
silver shell covers a part of silver surface and also
prevent diffusion of reactant substance, so that
Bapparent^ self-inhibition of catalytic activity occurs at
above 32.5 °C. Such Bsmart^ self-inhibition of catalytic
activity at enhanced temperature is particularly signifi-
cant for an exothermic reaction to control the reaction
rate and avoid the reaction superheat.

Catalyst recovery and recycle use

On the other hand, the polymer grafting on the
AuNR@Ag nanostructures was designed to endow ste-
ric stabilization and possibly brought recyclable
nanocatalysts. Factually, the PNIPAM-stabilized
AuNR@Ag could be recovered by centrifugation,
redispersed and reused in the catalytic reaction, but the
naked AuNR@Ag was indeed found to aggregate into
black precipitates in centrifugation and could not be
redispersed well even by ulstrasonication. Figure 3d
shows kapp value of the PNIPAM-stabilized AuNR@Ag
catalyst in the first use and twice recycle uses at 25 °C.
The kapp value in the first use is 0.00152 s−1, that in the
second use and third use are respectively 0.00144 and
0.00133 s−1, remaining 95 and 88% of the catalytic
activity. The decrease of catalytic activity can be attrib-
uted to the loss of nanoparticles in the recovery by
centrifugation. Therefore, the polymer stabilization
make the metal nanocatalyst be recyclable.

Conclusions

In summary, core-shell AuNR@Ag nanostructures were
stabilized by thermosensitive PNIPAM. The obtained
polymer-stabilized nanostructures as catalysts showed
normal Arrhenius change of apparent rate constant, kapp,
of catalyzed reaction between 20 and 30 °C, but
displayed a decrease of kapp with respect to the temper-
ature increasing between 32.5 and 40 °C. Such Bsmart^
self-inhibition of catalytic activity at enhanced temper-
ature can be attributed to the thermal-responsive shrink
of the grafted polymer chains, and it should be signifi-
cant to control the reaction rate and avoid superheat of
exothermic reactions. The polymer-stabilized
nanocatalyst can be considered as a recyclable catalyst,
and the polymer stabilization strategy can be general-
ized to many other metal nanocatalysts.
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Table 1 The calculated apparent rate constant, kapp, at different
temperature

Temperature/oC kapp, naked
AuNR@Ag/10

−3 s−1
kapp, PNIPAM-stabilized

AuNR@Ag/10
−3 s−1

20.0 2.30 0.38

25.0 2.78 1.52

27.5 3.85 2.76

30.0 4.55 3.8

32.5 4.88 4.09

35.0 6.38 3.49

37.5 8.53 2.96

40.0 10.2 2.67
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