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ABSTRACT: Hybrid semiconductor/noble metal nanostructures
coupled with responsive polymers were used to probe unique
plasmon-mediated photocatalytic properties associated with swelling−
shrinking transitions in polymer chains triggered by specific external
stimuli. Poly(N-isopropylacrylamide) (PNIPAM) brushes were anch-
ored on Au films by atom transfer radical polymerization and ZnO
nanoparticles were immobilized on the PNIPAM layer to explore
controlled photocatalytic activity. The plasmon-enhanced photocatalytic
activity was dictated by two critical parameters, that is, grafting density
and molecular weight of PNIPAM involved in Au film-PNIPAM-ZnO. The effect of the areal density of PNIPAM chains on the
temperature-responsive UV light photocatalytic activities showed mutually antagonistic trends at two different temperatures. The
performance at high density was higher above a lower critical solution temperature (LCST), that is, under contracted
configuration, while the sample with low density showed higher activity below LCST, that is, extended configuration. Among all
the cases explored, the UV light activity was highest for the sample with thin PNIPAM layer and high density above LCST. The
visible light activity was induced only for thin PNIPAM layer and high density, and it was higher above LCST. The efficiency of
photocatalytic decomposition of phenol pollutant was dramatically enhanced from 10% to 55% upon the increase in temperature
under visible light illumination.

KEYWORDS: surface plasmon resonance (SPR), photocatalytic activity, Au/ZnO, thermoresponsive polymer,
atom transfer radical polymerization (ATRP)

■ INTRODUCTION

Semiconductor-based photocatalysis has been considered
essential elements in recent energy conversion and fuel
production, as well as environmental remediation because of
their intrinsic photophysical properties associated with exciton
generation. Among the numerous candidates, nanostructured
semiconductors, such as zinc oxide (ZnO), have been
recognized as promising photocatalytic materials because of
its high photosensitivity, nontoxic nature, better exciton ability,
and low cost.1−3 However, the photocatalytic activities of ZnO
have been very modest until now, because ZnO has a wide
band gap limiting its absorption of UV light, which constitutes
only 4% of the total solar spectrum and quick recombination
property of charge carriers.2,4,5 To solve those problems, several
strategies such as dye sensitization,6,7 semiconductor coupling,8

nonmetal doping2,9 and plasmonic metal coupling10−15 have
been applied. Among them, coupling effect with noble metal
nanostructures such as Au and Ag into ZnO has been proposed
as alternative viable approach. Noble metals have unique
surface plasmon resonance (SPR) properties resulting from the
interaction with light.11,16 It has been investigated that the SPR
induces and improves the efficiency under visible light
photocatalytic activity,16 and the effect is extremely sensitive
to the distance between the constituent elements, which is

exploited in Plasmon ruler.17−19 Also noble metals can act as
electron trap center where the photon-generated electrons are
accumulated.20

Stimuli-responsive materials can undergo conformational
changes on external environment such as temperature or pH,
mechanical force and irradiated light.21−24 Especially, poly(N-
isopropylacrylamide) (PNIPAM), one of the representative
thermoresponsive polymers, have a wide range of applications
including biosensors, drug delivery, and templating hybrid
materials.25−27 In particular, it has been used as distance
controller between two materials which interact each
other.28−31 PNIPAM undergoes a reversible phase transition
at a lower critical solution temperature (LCST) of ∼32 °C in
pure water from a swollen state to a collapsed state upon
increasing the temperature because of dissociation of the
hydrophobic interaction between NIPAM segments and
water.32 In addition, the polymer chains are swollen and
collapsed in a different manner depending on both the grafting
density and the molecular weight of PNIPAM.33,34 With this
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complex nature, PNIPAM brushes have been exploited to
control the distance between two molecules.35,36

The presence of interlayer between noble metal and metal
oxide could restrict the coupling of the SPR energy with
semiconductor. Also the SPR effect is regulated depending on
the thickness of the interlayer and the effect is diminished by
thick gap due to limited pathway of energy transfer.37−39 So, for
efficient SP energy transfer caused by excitation of noble
metals, it is a crucial factor to define the optimum distance.
However, any systematic investigations into the effect of diverse
parameters involved in the temperature-responsive PNIPAM
chains on the UV and visible light active photocatalysis in
hybrid metal/semiconductor systems are lacking.
Considering this critical issue yet to be explored, in this

paper, we developed hybrid ZnO/Au films modulated by
PNIPAM brushes having different molecular weight and
density, and systematically demonstrated the effect of
configuration-controlled PNIPAM interlayer in the plasmon-
enhanced photocatalysis. The proposed schematic diagram for
the photocatalysis depending on temperature in our system is
depicted in Figure 1. First, PNIPAM brushes were anchored on

the Au film by atom transfer radical polymerization (ATRP)
and the molecular weight and density of the polymer layer were
controlled by changing the reaction conditions.40−43 Next,
synthesized ZnO nanoparticles (NPs) were immobilized on
PNIPAM layer for controlled photocatalytic activity. On the
basis of the Au film-PNIPAM-ZnO hybrid structure, plasmonic
coupling effect is controlled by changing the gap between Au
films and ZnO NPs, that is, by changing the temperature with
respect to the LCST. We systematically demonstrated photo-
catalytic activities of the hybrid nanostructure with different
molecular weight and density of polymer under UV and visible
light.

■ MATERIALS AND METHODS
Materials. CuBr, disulfide initiator ([S−(CH2)11−OCOC−

(CH3)2Br], N-isopropylacrylamide (NIPAM, 97%), HAuCl4, sodium
azide, 2-proprgylamine, copper(II) sulfate, L-ascorbic acid sodium salt,
and PMDETA were purchased from Sigma-Aldrich for preparing Au
film-PNIPAM hybrid film. Zinc nitrate hexahydrate (Zn(NO3)2
6H2O), ammonia hydroxide (28 wt % NH3 in water.) and starch
powders were purchased from Sigma-Aldrich for preparing ZnO
particles. p-nitrophenol (PNP) was purchased from Sigma-Aldrich.
Synthesis of Au Film-Initiator. A 50 nm thick Au layer on silicon

substrate with 2 nm thick Cr adhesion layer was used for the

incorporation of PNIPAM layer. Bare Au film was immersed into a 10
mL disulfide initiator solution (6 μL, 1.0 mM) in ethanol for 1 and 24
h, repectively to control density of PNIPAM. Then, the Au film-
initiator substrate was collected and washed with ethanol and
deionized water.

Synthesis of Au Film-PNIPAM. The thermoresponsive PNIPAM
layer was fabricated by reacting bromo end group groups on the Au
film-initiator with NIPAM monomers by ATRP method. A round-
bottom Schlenk flask was filled with CuBr (12.5 mg, 0.085 mmol),
NIPAM (0.905 g, 8 mmol), and Au film-initiator substrate with −Br
groups degassed by three freeze−pump−thaw cycles in N2
atmosphere. Wherein, a mixture of H2O (15.2 mL) and methanol
(2 mL) was injected into the flask through a syringe. The reaction was
performed for 1 h at room temperature and terminated by opening the
system to air. Finally the Au film-PNIPAM substrate was rinsed with
water.

Synthesis of ZnO Nanoparticles. Synthesis of ZnO NPs were
performed according to a previous reported method.44 Five grams of
soluble starch was dissolved in 150 mL of boiling deionized water.
Then, 0.01 mol of Zn(NO3)2·6H2O was added to the resulting clear
starch solution, and the mixture was stirred at 85 °C for 5 min. The
pH of the mixture solution was then adjusted by 5 mL, and addition of
ammonium hydroxide and opaque solution was obtained. The solution
was stirred for an additional 30 min at 85 °C, and the resulting
precipitate was centrifuged, washed with deionized water, and dried at
50 °C.

Immobilization of ZnO Nanoparticles on Au Film−PNIPAM
Substrate. We prepared amine-terminated PNIPAM for facile
decoration of ZnO NPs. First, Au film-PNIPAM substrate was
immobilized in sodium azide (65 mg, 1 mmol) and DMF (10 mL)
solution for 1 h at room temperature for conversion of bromo-end
groups of PINPAM to azide functional group. Second, to introduce
amine functionality, copper45 sulfate (0.24 mg, 0.15 mmol), and L-
ascorbic acid sodium salt (6.6 mg, 0.0375 mmol) were added into a
Schlenk flask. The system was degassed by three freeze−pump−thaw
cycles in N2 atmosphere for ambient condition. Wherein, mixtures of
water (12.5 mL), ethanol (12.5 mL), and 2-propargylamie were
injected into the flask through a syringe. After 24 h at 25 °C amine-
terminated PNIPAM film was obtained. Finally, ZnO NPs were
adsorbed on top of the PNIPAM chains through electrostatic and
physical interaction by immersing the functionalized substrates in the
ZnO NP solution for 8 h.

Instruments and Measurements. Surface morphologies and
thickness of the hybrid film were investigated with an atomic force
microscope (AFM) in tapping mode (Digital Instruments Dimension
3100 scanning force microscope) and scanning electron microscopy
(SEM; JEOL JSM6700-F). ATR-FT-IR measurements were carried
out using an FTIR spectrometer (Varian, Scimitar series). UV−vis
absorbance was measured using a Sinco S-4100 spectrometer. The
incident photon-to-current conversion efficiency (IPCE) was meas-
ured using a K3100 HS technology Inc. measurement system with bias
light.

Photocatalytic Measurements. The photocatalytic degradation
of the organic compound on Au film−PNIPAM−ZnO hybrid film was
tested under both UV (λ = 254 nm) and visible light irradiation. For
photocatalytic measurements, the hybrid film was immersed in 10 ppm
p-nitrophenol (PNP) solution and the solution was kept under
stirring. A container containing the PNP solution was dipped in water
bath and the temperature was controlled by hot plate. The
photocatalytic measurements was performed at both 28 °C (Below
LCST) and 35 °C (Above LCST). The sample was irradiated using Xe
lamp (Newport Co. Ltd., Model 66984) which can illuminate 200−
2500 nm light equipped with a 420 nm cutoff filter (long pass filter) at
a power of 300 W as a visible light source. The decrease in absorbance
of a certain characteristic peak of PNP was measured at regular
intervals using UV−vis spectroscopy (Varian Cary5000 UV−vis-NIR
spectrophotometer).

FDTD Simulation. A commercial software of three-dimensional
Full WAVE FDTD software purchased from Synopsys, Inc., is used to
simulate the near-field distribution of the ZnO NPs on Au film-

Figure 1. Schematic illustration of the hybrid Au film and ZnO NPs
system coupled with PNIPAM chains with controlled density and
molecular weight designed for the comprehensive investigation of
plasmon-coupling-based visible light driven photocatalytic activity. The
photocatalytic activity can be observed as phenol pollutant
decomposition.
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PNIPAM. For the calculation, a plane wave source and DFT frequency
analysis was used. The simulation domain for z direction was used by a
perfectly matched layer (PML) to absorb all the field propagating to
the outer, while x and y directions was periodic boundary conditions.
In the mesh domain, 5 nm of uniform grid size is set for all directions.
The electric field density at 500 nm wavelength is calculated to
confirm the field distribution by the hybrid structure.

■ RESULTS AND DISCUSSION

The entire stepwise procedure to obtain Au−PNIPAM−ZnO
film is depicted in the Figure 2. PNIPAM linkers were
synthesized by ATRP and the end group of the PNIPAM was
modified for easy decoration of ZnO NPs. (Some surface of
ZnO are terminated with O2− anions, resulting in negative
surface).46 Amine modified PNIPAM and ZnO NPs are readily
bound each other by specific interaction.
The FT-IR spectra of a bare Au film and the one anchored

with PNIPAM are shown in Figure 3. In the FT-IR spectrum,
the absorption bands detected at 1650, 1370, and 2970 cm−1

are characteristic of the −CO stretching, the mixed vibration

of −C−H and −N−H, and antisymmetric deformation
−CH(CH3)2 groups of the grafted PNIPAM, respectively.
These results evidence the formation of PNIPAM layer. The
surface morphology of the sample for each step of the entire
fabrication procedure was investigated by AFM and SEM
images as shown in Figure 4. Figure 4a and b illustrate the AFM

images of a bare Au film and an identical substrate after
functionalization with disulfide initiator by ligand exchange
reaction, respectively. No significant difference was found
between the two morphologies. In comparison, the surface after
PNIPAM synthesis shows a smooth morphology because the
entire surface of the film was fully covered with polymer chains
as shown in Figure 4c. The ZnO NPs loaded on the surface of

Figure 2. Schematic illustration of the preparation of Au film-PNIPAM-ZnO. (a) Initiator for initiating polymerization was decorated on the Au film
surface. (b) PNIPAM chains were polymerized through ATRP. (c) End group of PNIPAM chains (−Br) was changed into −N3 with azidation
reaction. (d) The end group of PNIPAM chains (−N3) was changed into −NH2 group to obtain positive charged ending. (e) ZnO particles were
decorated on the PNIPAM chains through chemical and physical interactions.

Figure 3. FR-IR spectrum of Au film-PNIPAM. The absorption bands
detected at 1650, 1370, and 2970 cm1− are characteristic of the −C
O stretching, the mixed vibration of −C−H and −NH, and
antisymmetric deformation −CH(CH3)2 groups of the grafted
PNIPAM, respectively.

Figure 4. AFM images of (a) bare Au film, (b) after initiator
immersion (Au film−initiator), (c) after polymerization of PNIPAM
brushes by ATRP method (Au film−initiator−PNIPAM),and (d) after
decorating ZnO particles (Au film−initiator−PNIPAM−ZnO).
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Au film-PNIPAM exhibits uniform dispersion as shown in
Figure 4(d)
We systematically demonstrate the photocatalytic activity of

the system by controlling two critical parameters related with
the stimuli-sensitive polymer layer. Concretely, the molecular
weight and density of the PNIPAM were controlled by

handling polymerization time and disulfide initiator dipping
time, respectively. Controlling the molecular weight results in
the change in the thickness of PNIPAM layer. The AFM
topography images of PNIPAM layer with different polymer-
ization time are listed in Figure S1. Four types of PNIPAM
samples were prepared with different synthesis time (60, 45, 30,

Figure 5. Photocatalytic degradation of PNP using Au film−PNIPAM (1 h)−ZnO hybrid nanostructure with thick PNIPAM film and two different
PNIPAM density prepared at 1 h polymerization time under UV−vis irradiation. Absorption spectra with 1 h intervals (a, b) and decolorization
efficiency versus time curves (c) obtained from the samples with high PNIPAM density treated with initiator solution during 1 h. Absorption spectra
with 1 h intervals (d, e) and decolorization efficiency versus time curves (f) obtained from the samples with low PNIPAM density treated with
initiator solution during 24 h.

Figure 6. Photocatalytic degradation of PNP using Au film−PNIPAM−ZnO hybrid nanostructure with thin PNIPAM film and two different
PNIPAM density prepared at 30 min polymerization time under UV−vis irradiation. Absorption spectra with 1 h intervals (a, b) and decolorization
efficiency versus time curves (c) obtained from the samples with high PNIPAM density treated with initiator solution during 1 h. Absorption spectra
with 1 h intervals (d, e) and decolorization efficiency versus time curves (f) obtained from the samples with low PNIPAM density treated with
initiator solution during 24 h.
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and 15 min) and each sample shows 40, 20, 15, and 10 nm
thickness, respectively, according to the cross-sectional height
profiles obtained from the AFM images. To assess the density
of PNIPAM chains, citrate-capped AuNPs having negative
surface charge were immobilized onto the amine-terminated
PNIPAM layer driven by electrostatic interaction, and the
surface morphology was investigated by SEM images. Distinctly
different density of Au NPs, that is, different density of
PNIPAM chains, was confirmed from different samples as
shown in Figure S2. To compare the photocatalytic activity of
the samples with different types of PNIPAM layer, it is
necessary that the same amount of ZnO NPs be introduced in
the nanostructures. It was found that almost the same amount
of ZnO NPs were immobilized onto the amine-terminated
PNIPAM layer with different density when the films were
treated with ZnO NP solution for 8 h (Figure S3). Thus, we
employed this experimental protocol (8 h dipping in ZnO NP
solution) for objective comparison from different samples.
The absorption spectra of ZnO nanoparticles, Au film, and

Au film-PNIPAM were measured in Figure S4. ZnO NPs
exhibit strong absorbance in the range of UV light in contrast to
Au film which responds to visible light. Consequently, Au film−
PNIPAM−ZnO hybrid film shows both UV and visible light
absorption because of the presence of ZnO and Au film. It was
reported that the enhanced optical absorbance at visible region
results in enhanced photocatalysis,47 implying that the model
system used in this study can exhibit enhanced visible light
photocatalytic performance.
The photocatalytic activity of hybrid thermoresponsive

nanostructure under UV light illumination was evaluated in
terms of the degradation of harmful organic compound PNP.
The decrease in the absorbance of the characteristic peak of
PNP at 400 nm was monitored for each of the samples as
displayed in Figures 5 and 6. To confirm the different activity
depending on molecular weight and density of PNIPAM, four
different samples were prepared by controlling the thickness
and density of the PINIPAM. Density was controlled by
applying different initiator dipping time of 1 and 24 h, and the
thickness was controlled by adjusting PNIPAM polymerization
time of 30 min and 1 h. The hybrid film prepared from two
conditions, that is, Au substrates immersed in initiator solution
during 1 and 24 h, showed strikingly different behavior with
changing the temperature. However, it was observed that PNP
degradation rate is almost the same with changing the
temperature in the case of the sample prepared from 3 h
immersion in initiator solution (Figure S5b). Eventually, four
different samples were prepared for systematic comparison, that
is, Au film-initiator (24 h)−PNIPAM (1 h), Au film−initiator
(24 h)−PNIPAM (30 min), Au film−initiator (1 h)−PNIPAM
(1 h), and Au film−initiator (1 h)−PNIPAM (30 min).
Figure 5 illustrates the photocatalytic activity of the hybrid

film prepared from 1 h polymerization time with different
density. Figure 5a−c are the results from the sample of 24 h
immersion in initiator solution, and Figure 5d−f are the results
from the one of 1 h immersion in initiator solution. It was
found that Au film−PNIPAM−ZnO hybrid structure with
denser PNIPAM chains (24 h immersion in initiator solution)
showed better photocatalytic enhancement (from 35% to 43%)
when the temperature was increased above the LCST. This
observation is interpreted as the result of reduced distance
between the Au and ZnO driven by collapsed polymer
configuration.

However, directly opposed results were obtained for the Au
film−PNIPAM−ZnO hybrid structure with less dense
PNIPAM chains (1 h immersion in initiator solution) as
shown in Figure 5d−f. It is observed that the overall
photocatalytic activity was better below LCST and the degree
of degradation was decreased from 49% to 28% with
temperature increasing. This result can be explained in terms
of the effect of large space between each neighboring polymer
chain.48 The polymers form standing brushes in packed
configuration in the case of high density environment.
Reversely, each polymer is in the nonoverlapping mushroom
regime when the space between each polymer is large. So the
gap between Au film and ZnO becomes smaller at low
temperature. In this way, the gap between Au film and ZnO
becomes relatively larger at high temperature compare to low
temperature. Accordingly the effect of the electron transfer is
diminished as the temperature increases. The above results
were summarized and compared in Figure 5c and f, wherein
one can observe different photocatalytic activity depending on
PNIPAM density as the temperature increases. To the best of
our knowledge, this work is the first report on the effect of
multiple experimental parameters on the photocatalytic activity
of hybrid metal−semiconductor system mediated by responsive
polymers. However, it is noted that the overall large gap
between Au film and ZnO led to negative effect on the
photocatalytic effect.
On the basis of the above studies, next, different hybrid

structures with much thinner PNIPAM layer was prepared in
order to induce plasmon energy transfer. The thickness of the
hybrid film was measured to be ∼15 nm as shown in Figure S1,
which can be controlled by PNIPAM polymerization time. The
photocatalytic activity based on this hybrid film was
investigated and summarized in Figure 6. When the polymer
density was high, photocatalytic activity was significantly
improved from 52% to 72% as the temperature increased. In
contrast, the photocatalytic activity was diminished from 64%
to 40% in the case of low PNIPAM density. Similar to the
observation made for the samples with thick PNIPAM layer,
mutually opposed photocatalytic activity was obtained for the
samples with high and low density PNIPAM as the temperature
increases. It is found that significantly enhanced photocatalytic
activity was observed compared to thick film because of smaller
gap between Au film and ZnO NPs which causes electron
transfer. Upon illumination of UV light, electrons of valence
band (VB) of ZnO are excited to the conduction band (CB),
leaving holes in the VB of the ZnO particles.10 Then the excited
electrons are transferred to Au and hence the immediate
recombination is suppressed. This mechanism promotes the
separation of electrons and holes, and the enhancement of
photocatalytic activity can be obtained. It is noted that this
mechanism applies only in case the Au and ZnO intact each
other, which was reflected in the obtained experimental results.
To demonstrate the plasmonic effect on the enhanced

photocatalysis as a function of the interdistance, photocatalytic
activity under visible light illumination was investigated (Figure
7). It was reported that plasmonic effect could induce visible
light photocatalytic activity of ZnO.3,49 It is noted that visible-
light-driven decomposition of PNP was not observed for the
hybrid film having relatively high molecular weight and low
density of PNIPAM. This result suggests that the PNIPAM
layer should be thin enough to induce visible light activity. In
previous studies, it was reported that the plasmon energy
transfer could work most effectively when the thickness of

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b03872
ACS Appl. Mater. Interfaces 2015, 7, 21073−21081

21077

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b03872/suppl_file/am5b03872_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b03872/suppl_file/am5b03872_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b03872/suppl_file/am5b03872_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b03872/suppl_file/am5b03872_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b03872/suppl_file/am5b03872_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b03872


space layer between Au and TiO2 is about 5−10 nm.39,50 Thus,
a model system with thinnest PNIPAM having 10 nm thickness
prepared from 15 min polymerization time was used to
investigate visible light photocatalytic activity. Also hybrid films
having high density was selected because thin PNIPAM of low
density could not be synthesized uniformly. In Figure 7a, it was
observed that the hybrid film with 10 nm gap between the Au
and ZnO showed negligible photocatalytic ability at lower
temperature. In contrast, the hybrid film exhibits a remarkably
higher visible light photocatalytic activity at higher temperature,
due to smaller gap between Au film and ZnO NPs as shown in
Figure 7b. This result evidence that the ZnO NPs and Au films
are in close contact each other when PNIPAM chains are
collapsed. This situation can allow for facile plasmon energy
transfer from Au film to ZnO. Thus, tremendous increase in
photocatalytic efficiency from 10% to 55% was observed with
increasing the temperature as shown in Figure 7c.
The photocatalytic mechanism under irradiation with visible

light is similar to electron injection from metal film to the
semiconductor. Electron transfer mechanism between plas-
monic structure and semiconductor was already investigated in
several researches.51,52 Enhanced photocatalytic activity of
ZnO−Au system can be explained by facilitated exciton
separation via two mechanism, that is, (i) via the transfer of
CB electron in ZnO to Fermi level of Au under UV light
excitation, and (ii) via SP-induced energetic hot electron

transfer from Au to the CB of ZnO under visible light excitation
(Figure S7). The work function values of ZnO and Au are
reported as 5.2 and 5.0 eV, respectively. Therefore, the hot
electrons generated by visible light induced surface plasmon
excitation can transfer from the Au to the ZnO level, until it
reaches the equilibrium state. Upon irradiation with visible
light, the hot electrons via SP excitation are injected to the CB
of ZnO, leaving holes on the metal surface. Then the injected
electrons in CB of ZnO reacts with oxygen dissolved in water
to produce superoxide radical anion, which can react with water
molecule to give hydroxyl radicals. The superoxide radical
anion and hydroxyl radicals react with phenol pollutant. Upon
excitation by incident light, the surface plasmon polariton
(SPP) of Au film results in an enhanced overall confined
electrical field close to the Au film surface as well as giant field
enhancements near the surface of Au film up to 300 nm.53

Then, plasmon resonance energy transfer from Au film to ZnO
occurs through coupling of the SPP of Au film with the band
gap energy of ZnO.37 Consequently, hot electron transfer was
tuned by controlling the distance between Au film and ZnO.54

Furthermore, the enhanced field could prevent electron and
hole from recombination because more electrons and holes are
generated and transferred swiftly.55,56 It was found that the
enhanced SPR effect caused by noble metal affected ZnO more
effectively in the case of 10 nm gap.18,39 Conclusively,
decreased gap resulting from collapsed polymer configuration
led facile plasmon energy transfer from Au film to ZnO as the
temperature was increased.
In order to support the wavelength-dependent photo-

catalysis, incident photon-to-current efficiency (IPCE) meas-
urement was performed in Figure 8. IPCE spectrum was

analogous to an absorption spectrum of Au film−PNIPAM−
ZnO as shown in Figure S4. Additionally, the FDTD simulation
analysis was performed to demonstrate the distribution and
influence of the plasmon near field in Figure S7. The field
distribution was calculated using the Au film−PNIPAM (10
nm)−ZnO hybrid structure. From the literature53 and
simulation data, it is confirmed that ZnO NPs are located
within the enhanced SP field, indicating that plasmon-induced
visible light active photocatalysis can occur in the current
system.
The stability of the hybrid photocatalyst is of great

importance if the catalyst is to be substantially applicable.
The stability of PNIPAM for 3 cycles depending on

Figure 7. Photocatalytic degradation of PNP using Au film−PNIPAM
(15 min)−ZnO hybrid nanostructure with even thinner PNIPAM film
and higher PNIPAM density prepared at 15 min polymerization time
under visible irradiation. Absorption spectra with 1 h intervals (a, b)
and decolorization efficiency versus time curves in panel c.

Figure 8. Incident photon-to-current conversion efficiency (IPCE)
curves of Au film−PNIPAM−ZnO hybrid film below the LCST (28
°C) under visible light (300−700 nm).
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temperature was investigated in Figure S8, where it was
confirmed that the as-prepared hybrid photocatalysts could be
used repeatedly. We also proved the stability of PNP solution
under UV−vis illumination. It was reported that the
decomposition of PNP solution without suitable catalyst is
difficult and this was verified in our control experiment (see
dotted curve in Figure S9). Also, a control experiment with Au/
ZnO film without PNIPAM was included in Figure S9. It was
found that the photocatalytic activity was not affected by the
temperature change without thermoresponsive polymer
(PNIPAM), which means that PNIPAM plays a critical role
in temperature-sensitive photocatlaysis. Finally, the overall
photocatalytic performances at different conditions explored in
this study were summarized and compared in Figure 9.

In this work, hybrid ZnO/Au films modulated by PNIPAM
brushes having different molecular weight and density were
developed for the first time. On the basis of this responsive
metal−semiconductor hybrid system, plasmon-enhanced pho-
tocatalysis was systematically demonstrated in terms of the
configuration-controlled PNIPAM interlayer as a step forward.

■ CONCLUSION
In conclusion, we developed an effective and useful plasmon-
enhanced photocatalytic system based on hybrid metal and
semiconductor connected with responsive polymer linkers and
UV- or visible light active photocatalysis was demonstrated in a
comprehensive and systematic manner. Au film and ZnO NPs
were separated by PNIPAM layers with different configurations,
that is, controlled density and thickness. Polymer chain density
and thickness were regulated by adjusting initiator dipping time
and polymerization time, respectively.

When the polymer density was high, the photocatalytic
activity was significantly improved from 52% to 72% as the
temperature increased. In contrast, the photocatalytic activity
was diminished from 64% to 40% in the case of low PNIPAM
density. Overall, the system with low molecular weight polymer
chains showed better activity under UV-light in terms of the
degradation of PNP than high molecular weight polymer.
Photocatalytic activity under visible light was only observed

when the distance between Au film and ZnO NPs was very
short. Plasmon energy transfer is very sensitive to the gap
between Au film and ZnO and play a very crucial role in visible
light photocatalytic activity. It was observed that visible light
photocatalytic activity increased from 10% to 55% as the
temperature increased.
Several experimental demonstrations about temperature-

dependent photocatalytic activity have been reported, but the
previous works were limited to obtain stimuli-dependent
performance phenomenologically. In this study, for the first
time we demonstrated that the plasmonic effect in stimuli-
sensitive metal−semiconductor system is highly correlated with
the configuration involved in the constituent components in
dictating the resultant photocatalytic activity. The overall
observation and conclusion drawn in this article can be utilized
in the design of hybrid photocatalytic system applicable in
complex environments or media and considered as generalized
protocol to be expanded to other types of materials or devices
in the fields of solar-fuel generation, catalysis, sensing, light
emission, etc.
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