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ABSTRACT: Herein, we introduce a novel approach for 
achieving a real-time control over the hot-electron injection 
process in metal-semiconductor photocatalysts. Such func-
tionality is attained through the design of a hybrid 
nanocomposite in which plasmonic Au nanorods and TiO2 
nanoparticles are synergistically integrated with a 
thermoresponsive polymer. In this manner, modifying the 
temperature of the system allows for (i) the precise regula-
tion of the interparticle distance between the catalyst and 
the plasmonic component, and (ii) the reversible formation 
of plasmonic hot spots on the semiconductor. Both features 
can be simultaneously exploited to modulate the injection of 
hot electrons, thus boosting/inhibiting at will the 
photocatalytic activity of these heterostructures. This inno-
vative conception enables a dynamically adjustable perfor-
mance of semiconductors, hence opening the door to the 
development of a new generation of plasmon-operated 
photocatalytic devices. 

 

Reconfigurable plasmonic assemblies represent a novel class 
of nano-entities whose chemical and physical properties can 
be reversibly controlled.

1–3
 More precisely, this family of 

materials offers the possibility of tuning the unique optical 
properties of their individual plasmonic units by applying a 
stimulus such as light, temperature, pH or ionic strength. In 
this way, the many opportunities afforded by plasmonic 
assemblies, i.e., formation of hot spots,

4
 optical magnetism

5
 

or Fano resonances,
6
 among others, can be oriented to the 

development of novel optical transducers, biosensors or 
therapeutic agents. In the present work we extend the out-
standing potential of reconfigurable plasmonic assemblies to 
the emerging field of plasmon-induced photocatalysis.

7
 

Noble metal nanoparticles have recently gained relevance as 
photosensitizers in photocatalytic processes given their abil-

ity to extend the optical operational range of large band gap 
semiconductors, such as TiO2, to a broader range of the 
electromagnetic spectrum.

8
 One of the main mechanisms 

behind this phenomenon arises from the ability of plasmonic 
nanomaterials to efficiently harvest visible and near infrared 
(NIR) photons, thus creating a population of excited “hot” 
electrons that can be transferred to a nearby semiconductor 
when both materials are combined forming a hybrid.

7,9
 Along 

these lines, the extent of such photosensitization process is 
inversely proportional to the space separating both species.

10
 

Moreover, the extent of the electromagnetic field enhance-
ment created by the plasmonic component at the metal-
semiconductor interface is another parameter of paramount 
importance to increase the efficiency of the hot electron 
transfer.

11–13
 In other possible mechanisms the ability of 

plasmonic nanoparticles to focalize the incoming light is 
used as a means to couple the plasmonic near-field to the 
semiconductor, thus increasing the effective absorption 
cross-section of the later (antenna effect).

14,15
 Nevertheless, in 

those scenarios the excitation source must comprise a wave-
length range in which both the metal and the semiconductor 
have to be excited simultaneously. 

Mastering the coupling efficiency between a plasmonic metal 
and a photocatalytic semiconductor by simply tuning the 
interparticle distance created between them may be a simple 
way to manipulate the efficiency of the electron injection 
mechanism. Simultaneously, plasmonic hot spots created at 
the nanometric gap between adjacent plasmonic nanoparti-
cles can be used to additionally induce a significant rise in 
the photocatalytic activity of the semiconductor. Bearing this 
in mind, the present work takes advantage of the reconfigu-
rable capabilities given by a third party in order to create a 
plasmonic photocatalytic hybrid whose activity can be re-
versibly activated by applying an external stimulus. The 
formation of these reversible plasmonic photocatalysts is 



 

expected to pave the way for the applicability of reconfigura-
ble plasmonic materials, broadening the already exciting 
opportunities that these architectures hold in the design and 
fabrication of plasmon-enhanced technologies. In this con-
text, this novel approach may be particularly relevant in 
those scenarios where the interactions between nanostruc-
tures or nanoparticles play a critical role in the operational 
features of photocatalytic and photovoltaic devices, among 
others.

16–18
  

As a proof of concept of this novel paradigm, we have made 
use of poly(N-isopropylacrylamide) (pNIPAM), a thermo-
responsive polymer that presents an abrupt change in its 
hydrodynamic diameter. Accordingly, below its lower critical 
solution temperature or LCST (32‒34 °C) the polymer net-
work is in a swollen hydrophilic state, while above this tem-
perature is found in a collapsed hydrophobic state.

19
 In this 

way, when pNIPAM colloids are combined with plasmonic 
and photocatalytic nanoparticles, the phase transition of the 
polymer can be used as a transducer to induce a modification 
in the metal-semiconductor interparticle distance while 
activating or deactivating the formation of plasmonic hot 
spots (Scheme 1).

20
 

 

Scheme 1. Representation of the collapse-swelling transition 
experienced by the Au-TiO2/pNIPAM nanohybrids leading to 
the reversible formation of interparticle hot spots. 

The selection of the plasmonic entity is a characteristic of 
utmost significance for the efficient photoexcitation of the 
semiconductor with low energy photons, since the optical 
properties of this family of objects are strongly dependent on 
their size, shape and chemical composition.

21
 Along these 

lines, the strong absorption contribution of Au nanorods (Au 
NRs) in the NIR region and their ability to create high elec-
tromagnetic field enhancements on their surfaces render 
these anisotropic nanoparticles ideal candidates for the for-
mation of smart plasmonic photocatalysts.

22
 In this regard, 

the controlled plasmonic coupling of these objects has been 
extensively used for the formation of hot spots, leading to an 
important increase in the electromagnetic field enhancement 
in the small gaps created between particles.

4,20,23
 For this 

reason, a careful distribution of the plasmonic and catalytic 
entities onto a stimuli-responsive support holds the ability to 
carry out a tight control of the photocatalytic performance of 
the resulting architecture. 

The assembly of Au NRs and TiO2 nanoparticles (TiO2 NPs) 
onto pNIPAM spheres has been performed using a layer-by-
layer approach (see Supporting Information for details). In a 

first step, the anisotropic plasmonic nanoparticles are direct-
ly adsorbed on the polymeric sphere by electrostatic interac-
tions. Subsequently, the semiconductor nanoparticles are 
attached to the Au/pNIPAM nanocomposite. In contrast to 
previous experiments where silica spheres were used as sup-
ports,

11
 the inorganic objects do not form a homogeneous 

shell onto the pNIPAM spheres but rather spread randomly 
on the polymeric surface (Figure 1a,c). In any case, a closer 
look at the interface created between these materials demon-
strates its homogeneity and continuity, therefore ensuring 
the optimal conditions needed for an efficient electron trans-
fer between both (Figure 1b). As previously explained, a sharp 
decrease in the hydrodynamic diameter of the pNIPAM col-
loid and, by extension, in the size of the entire 
nanocomposite, is expected at the LCST transition of the 
polymer. Dynamic light scattering (DLS) measurements 
show that the effective diameter of the hybrid decreases from 
600 nm at 25 

o
C (swollen state) to 350 nm at 40 

o
C (collapsed 

state). This drastic transition induces an important decrease 
in the mean interparticle distance and triggers the formation 
of hot spots between the Au NRs (Figure 1d). 

 

Figure 1. (a, b) TEM and HRTEM images of the 
AuTiO2/pNIPAM nanohybrids. (c, d) STEM images of the 
nanohybrids at two different magnifications. (e) Visible-NIR 
spectra of the nanohybrids at 25 

o
C (blue) and 40 

o
C (red). 

The UV-vis absorption spectra of the thermoresponsive hy-
brids above and below the LCST of the polymer are shown in 
Figure 1e. The spectrum recorded in the swollen state (T= 25 
o
C) shows a contribution at low wavelengths that corre-

sponds to the strong scattering contribution of the polymeric 
colloids and the excitation of the semiconductor. The signals 
centered at 520 and 901 nm can be attributed to the transver-
sal and longitudinal plasmon modes of the Au NRs, respec-
tively. The latter presents a slight redshift with respect to the 
Au NRs alone, whose absorption maximum is centered at 891 
nm (Figure S1). The most important variation observed when 
the spectrum is recorded in the collapsed state (T= 40 

o
C) 



 

consists in a further shift of the longitudinal plasmon band 
to higher wavelengths (945 nm). This behavior has been 
previously ascribed to a stronger plasmon coupling between 
Au NRs due to smaller interparticle distances resulting from 
the collapse of the polymeric template.

5
 Such effect may be 

subsequently used to increase the performance of the hot 
electron injection mechanism towards the TiO2 nanoparti-
cles located in the vicinity of this tunable gap. 

The ability of the plasmonic photosensitization process to 
extend the photocatalytic activity of TiO2 in a broader range 
of the electromagnetic spectrum as a function of interparticle 
distance and the formation of reversible hot spots has been 
studied using the photodegradation of rhodamine B (RhB) as 
a model reaction. With this aim, the decrease in absorbance 
of this organic dye has been monitored as a function of irra-
diation time using a light source ranging from 500 to 2400 
nm, thus avoiding the direct photoexcitation of TiO2 with 
UV photons. Moreover, the dosage of Au NRs has been opti-
mized in order to reach the best photosensitization of the 
semiconductor.

11
 The photodegradation process in the pres-

ence of the Au-TiO2/pNIPAM hybrids gives rise to a partial 
degradation of the dye (31%) after 120 min at 25 

o
C (Figure 

2a). This “background” photocatalytic activity arises from the 
presence of semiconductor nanoparticles in close contact to 
the Au NRs, even when the polymeric template is expanded.

11
 

On the other hand, when the temperature is increased above 
the LCST transition (40 

o
C) a reduction in the Au-TiO2 mean 

distance is achieved, thus leading to a larger population of 
TiO2 NPs in close contact with the plasmonic surface, pro-
ducing a dramatic increase in the degradation of the dye 
after the same period of time (94%). Simultaneously, the 
formation of reversible hot spots given the tip-to-tip configu-
ration in neighboring plasmonic objects (Figure 1d) must 
participate in the enhanced photosensitization of the semi-
conductor, showcasing that reversible plasmonic hot spots 
can be used as smart transducers to trigger a boost in the 
photocatalytic response. As a control experiment, the 
photodegradation performance of TiO2 in the absence of 
photosensitizers has also been addressed. In order to do so, 
pNIPAM spheres have been functionalized with semiconduc-
tor nanoparticles using the aforementioned layer-by-layer 
procedure (Figure S2). In this case, a negligible decrease in 
the absorption of RhB can be observed after irradiation (Fig-
ure 2b). Since visible-NIR photons do not have sufficient 
energy to promote the direct excitation of the semiconduc-
tor, we ascribe this limited reduction to a partial adsorption 
of RhB onto the surface of the photocatalyst. In this regard, 
similar results are obtained when performing this test in in 
the presence of pristine pNIPAM spheres (without TiO2 NPs 
or Au NRs) (Figure S3). 

In order to gain insight into the operational capabilities of 
this hybrid material, the photocatalytic degradation of RhB 
has been monitored over successive cooling-heating cycles at 
25 

o
C and 40 

o
C, respectively. Figure 2c shows the effect of 

the swelling/shrinking of the pNIPAM spheres on the cata-
lytic performance of these nanocomposites. As expected, 
below the LCST the degradation of RhB proceeds at an ex-
tremely low rate. When shifting the temperature above the 
LCST, the mineralization process is greatly boosted up by the 
reduction in Au-TiO2 distance and the formation of 
interparticle hot spots. Moreover, this behavior can be re-
peated indefinitely, thus demonstrating the suitability of this 

approach for the creation of stimuli-responsive 
photocatalysts that can be reversibly activated and deactivat-
ed at will. 

 

Figure 2. Photocatalytic degradation of RhB in the presence 
of (a) Au/TiO2-pNIPAM spheres and (b) TiO2-pNIPAM 
spheres at 25 

o
C (blue lines) and 40 

o
C (red lines); (c) Degra-

dation of RhB over periodic 25 
o
C cooling (blue) and 40 

o
C 

heating (red) cycles in the presence of Au/TiO2-pNIPAM 
hybrids. The system was excited by broad-band light. 

As previously postulated, the reversible control over the 
spacing created between the photosensitizer and the catalyt-
ic components facilitates the photosensitization of the later. 
Along these lines, the injection of hot electrons across the 
Schottky barrier created between the metal and the semi-
conductor depends strongly on the mean distance separating 
both components. Therefore, the probability of electron 
tunneling can be calculated following Equation 1: 

   
   

     

  
 

   (1) 
where d is the Au-TiO2 surface-to-surface distance, ΔU ≈ 1.1 
eV is the barrier inside the gap for the most energetic 
plasmonic electrons and m is the electron mass. As can be 
seen in Figure 3a, the probability of hot electron transfer 
across the barrier decreases extremely fast as the distance 
between both components increases. In a similar fashion, an 
efficient photocatalytic activity of the Au/TiO2-pNIPAM can 
only be obtained at high temperature (T > LCST), i.e., when 
the average distance between the plasmonic component and 
the semiconductor nanoparticles is drastically reduced. 

Interestingly, the distance-dependent photosensitization 
process is accompanied by the formation of reversible hot 
spots between adjacent Au NRs. Such configuration leads to 
the formation of extremely high electromagnetic field en-



 

hancements that may increase the rate of hot electron injec-
tion between the plasmonic objects and TiO2 nanoparticles 
while leading, at the same time, to a red shift in the longitu-
dinal plasmon resonance (Figure 1e and S4). In the particular 
case of Au NRs, such enhancement is particularly important 
in a tip-to-tip arrangement (Figure 3b).

4,24
 Accordingly, cal-

culations of the rate of electron injection as a function of the 
gap formed between two Au NRs in such configuration is 
presented in Figure 3c. These results show that a decrease in 
the gap formed between adjacent NRs leads to an important 
increase in the rate of the tunneling process, and the subse-
quent increase in the efficiency of the plasmonic photosensi-
tization of the semiconductor. In view of these observations, 
we can conclude that both parameters, i.e., the decrease in 
the mean Au-TiO2 distance and the formation of dynamic 
hot spots between adjacent rods, are the main features be-
hind the increased photocatalytic efficiency of the Au/TiO2-
pNIPAM at temperatures above the LCST of the 
thermoresponsive polymer. 

 

Figure 3. (a) Probability of electron tunneling across the Au-
TiO2 Schottky barrier. (b) Calculated electromagnetic field 
enhancement as a function of the gap formed between two 
Au NRs in a tip-to-tip configuration. (c) Rate of hot electron 
injection as a function of the gap (averaged over orienta-
tions) calculated using the surface rate formalism from ref. 
13. 

This work presents a novel class of stimuli-responsive 
photocatalysts with enhanced activity in the visible and NIR 
regions of the electromagnetic spectrum. Both experiments 
and theory demonstrate that a combination of dynamic hot 
spots and a close contact between the plasmonic component 
and the semiconductor are responsible for the photocatalytic 
properties of the Au/TiO2-pNIPAM hybrid presented herein. 
Interestingly, such features can be easily controlled by simply 
varying the temperature, thus paving the way towards the 
design of a novel class of photocatalysts with promising 
applications in numerous fields of research such as 
photovoltaics, sensing and theranostics. 
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