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ABSTRACT: Metallic nanoparticles (MNP) are utilized as
electrocatalysts, cocatalysts, and photon absorbers in hetero-
structures that harvest solar energy. In such systems, the
interface formed should be stable over a wide range of pH
values and electrolytes. Many current nonthermal processing
strategies rely on physical interactions to bind the MNP to the
semiconductor. In this work, we demonstrate a generic chemical
approach for fabricating highly stable electrochemically/photo-
catalytically active monolayers and tailored multilayered nano-
particle structures using azide/alkyne-modified Au, TiO2, and
SiO2 nanoparticles on alkyne/azide-modified silicon, indium tin
oxide, titania, stainless steel, and glass substrates via click
chemistry. The stability, electrical, electrochemical, and photo-
catalytic properties of the interface are shown via electro-
chemical water splitting, methanol oxidation, and photocatalytic degradation of Rhodamine B (RhB) dye. The results suggest
that the proposed approach can be extended for the large-scale fabrication of highly stable heterostructure materials for
electrochemical and photoelectrocatalytic devices.

KEYWORDS: water splitting, heterostructures, layer-by-layer, click chemistry, tailored mono/multilayers, methanol oxidation

■ INTRODUCTION

A sustainable approach to large-area solar-energy devices relies
on two qualitatively different approaches, namely, high-cost and
high-efficiency devices or relatively lower-cost and lower-
efficiency devices. Central to the latter approach is the
utilization of liquid-phase processing methods that do not
rely on single-crystal substrates, thin films, or vacuum
fabrication techniques. A chemical approach can harvest solar
energy by performing an endothermic reaction; the resulting
products can be used as solar-produced chemicals or fuels.
Different chemical reactions, such as water splittin-
g,1−5oxidation reactions6−8 and CO2 conversion,8,9 are being
explored using these methods. Semiconductors play a central
role in such devices, and there have been many efforts to
improve the photocatalytic efficiency of semiconductors,
including bandgap tuning to increase photon absorption cross
sections,1,10−12 adding sensitizers to enhance charge carrier
lifetimes by decreasing electron-hole separation,13−17 and
adding cocatalysts to improve surface redox reaction
rates.3,18−20

Recently, metal-semiconductor heterostructures have gained
considerable attention because the incorporation of noble
metals (such as Au and Ag) on semiconductors surfaces offered
new prospects for enhancing photocatalytic activity as a result
of the surface plasmon resonance (SPR) effect of noble
metals.13−16,21−23However, most metallic-semiconductor heter-
ostructures are fabricated through physical mixing,15,16 electro-
chemical deposition,21 noncovalent interactions,24−29spin coat-
ing,30 Langmuir Blodgett,31 Doctor Blade,32 and sputtering.33

However, these heterostructures are stable only under certain
chemical conditions because of the relatively weak interactions
between the metal and semiconductor surfaces; it is thus
expected that covalently bound interfaces would enhance the
stability of such heterostructures. Here, we demonstrate a
versatile approach to enhance the stability of metallic-
semiconductor heterostructures via click chemistry. The
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utilization of the copper(I)-catalyzed azide−alkyne cyclo-
addition (CuAAC) click reaction34,35 for fabricating hetero-
structures offers a number of advantages as a chemical
approach: (1) the triazole linkage between the click moieties
offers high stability, even under highly oxidizing conditions, and
supports electron transfer,36−39 (2) it offers the ability to
modify electrodes at room temperature and circumvent the
problem of aggregation associated with the thermal processing
of nanoparticles, (3) it is scalable to large areas, and (4) it
provides flexibility and control in the formation of multilayers
of differing metallic-semiconductor nanoparticles, enabling
versatile heterostructure fabrication.
To demonstrate the generality of the method and the

possible heterostructures, we have fabricated both monolayer
and tailored multilayers of metallic, semiconducting, and
dielectric nanoparticles on different semiconductor surfaces
(e.g., silicon, indium tin oxide (ITO), stainless steel, and
titania) via copper(I)-catalyzed azide−alkyne cycloaddition
(CuAAC) click reaction. Heterostructures should be active
for surface electrochemistry and stable under external potentials
or potentials generated because of the absorption of solar
radiation. To demonstrate these issues, we have tested the
activity of these heterostructures as model systems for
electrochemical water splitting, methanol oxidation, and
photocatalytic degradation of Rhodamine B (RhB) dye. We
observed that the electrochemical interfaces exhibit high

stability for 150 electrochemical cycles, which is attributed to
the strong triazole linkage between the metallic and semi-
conductor surfaces. Furthermore, we have tested the stability at
a constant potential (0.75 V vs SCE) and different electrolyte
pH (both acidic and basic medium) for 6 h and observed an
insignificant decrease in the current density. These results
suggest a path to design metallic-semiconductor heterostruc-
tures, to perform electrochemical reactions, and to interact with
a large fraction of the solar spectrum. We have also fabricated
tailored multilayered heterostructures using various nano-
particles (including gold, gold@TiO2, silica, gold@silica) on
different substrates (silicon, titania, ITO, stainless steel) to
support further the generality and applicability of the approach
to fabricating hybrid heterostructures of different metallic-
semiconductor nanoparticles.

■ RESULTS AND DISCUSSION

Scheme 1 shows a schematic representation of the fabrication
of tailored monolayers and multilayers of nanoparticles onto
alkyne-functionalized substrates (e.g., silicon, glass, titania, ITO,
and stainless steel) using click-chemistry-mediated, layer-by-
layer (LbL) assembly. The substrates and nanoparticles were
surface modified with alkyne and azide functionality,
respectively (see the Supporting Information). Alkyne-
functionalized substrates (surface A) were immersed in a 3.5
wt % solution of azide-functionalized nanoparticles (Np-1/Np-

Scheme 1. Schematic Representation of the Fabrication of an Azide-Functionalized Nanoparticle Assembly on Alkyne-
Functionalized Substrates via Click Chemistry (Surface A)
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2) in tetrahydrofuran (THF) for 12 h and then immersed in an
aqueous solution of copper sulfate (10 mM) and ascorbic acid
(50 mM) for another 6 h to catalyze the click reaction. Next,
the substrates were washed three times with acetone followed
by sonication for 30 min in THF to remove any physically

attached nanoparticles. In the next step, the monolayer@
substrate was immersed in an alkyne-functionalized nano-
particle (Np-3/Np-4) solution to form a bilayer. This process is
repeated to form the tailored multilayers of nanoparticles on
the desired substrates. To prove the generality and versatility of

Figure 1. SEM images of a monolayer of azide-functionalized gold nanoparticles on alkyne-functionalized substrates of (a) silicon, (b) ITO, (c)
titania, and (d) stainless steel. SEM images of monolayers of (e) 0.1 μm and (g) 5 μm azide-functionalized silica nanoparticle monolayers on alkyne-
functionalized silicon substrate, (f) a monolayer of 0.33 μm azide-functionalized silica nanoparticles on an alkyne-functionalized glass substrate, and
(h) a monolayer of alkyne-functionalized TiO2 nanoparticles on an azide-functionalized silicon substrate.
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the proposed approach, we have fabricated monolayers and
tailored multilayers of gold and silica nanoparticles over a
variety of substrates, such as silicon, glass, titania, ITO, and
stainless steel. Additionally, we have extended the proposed
approach to attaching a monolayer of alkyne-functionalized
nanoparticles (Np-3/Np-4) onto azide-functionalized sub-
strates (Scheme S1), which further supports the generality
and versatility of the proposed approach.
The nanoparticles and substrates were characterized after the

surface modification with click moieties (alkyne/azide) using
FTIR and contact-angle measurements. The FTIR spectra of
azide-functionalized silica (Np-1, Figure S1) and gold nano-
particles (Np-2, Figure S2) show peaks at ∼2110 cm−1 that
confirm the presence of azide groups on the nanoparticles.
Figures S3−S5 show peaks at ∼2250 cm−1, which confirm the
presence of alkyne groups on the surfaces of the silica, TiO2
(Np-3), and gold nanoparticles (Np-4). Additionally, an
increase in the contact-angle measurements on the alkyne-
functionalized substrates (silicon (Θa ∼97.8 ± 2°), titania (Θa
∼104.5 ± 2°), ITO (Θa ∼104 ± 2°), and stainless steel (Θa
∼93.8 ± 2°)) compared to the bare substrates supports the
formation of hydrophobic monolayers of terminal alkynes
(Figure S6).40−42 The relatively high contact angle for Ti and
ITO versus Si and stainless steel suggests a higher density of
‘click’ groups on the surface.
Monolayer of Nanoparticles on Substrates. Scanning

electron microscopy (SEM) images in Figure 1 clearly show the

formation of monolayers of gold, TiO2, and silica nanoparticles
on a variety of substrates, as described in Scheme 1. Figure 1
panels a and e−g shows densely packed monolayers of azide-
functionalized gold (∼ 20 nm) and silica nanoparticles (∼ 0.1
μm, 0.33 μm, 5 μm) on alkyne-functionalized silicon wafers,
respectively. Figure 1b−d shows monolayers of azide-function-
alized gold nanoparticles (∼ 20 nm) on alkyne-functionalized
ITO, titania, and stainless steel substrates, respectively. This
result clearly shows that the proposed approach can be applied
to the fabrication of monolayers of different sized nanoparticles
over large areas of various substrates with minimal aggregation.
However, it is clear from Figure 1 that increases in the size of
the particles results in more open spaces within the hexagonal
closed packed monolayers on the same substrates. A study45

has explored the effects of particle volume fraction, particle size,
and particle-substrate and particle-particle interactions on the
growth rate of nanoparticle assemblies. From this study, an
empirical relationship between the above-mentioned factors for
nanoparticle monolayers is given by the following equation

α
=

−
g

j

d

Ø

0.605 (1 Ø)
e

where g is the growth rate of the nanoparticle monolayer, α is a
constant whose value depends on the particle-particle and
particle-substrate interactions, Ø is the particle volume fraction,
and d is the diameter of particles. It is clear from the above

Figure 2. Cyclic voltammetric results for the analysis of the stability of (a) Au@silicon, (b) Au@titania, (c) Au@ITO, and (d) Au@stainless steel
substrates.
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equation that the growth rate of the particle monolayer
assemblies varies inversely with the particle size.45

We note that titania and stainless steel possess a higher
density of nanoparticles compared to the silicon and ITO
substrates. Qualitatively, we can attribute the particle density to
a convolution of the following factors: (1) the density of click
groups present on the substrate surface, which in turn depends
on the surface chemistry of the substrates, (2) surface
roughness created as a result of the pretreatment of the
substrates, and (3) solvent interaction with the substrate/
nanoparticles. After the alkyne modifications, the contact angle
of a titania/indium tin oxide (ITO) substrate is ∼104° and that
of silicon/stainless steel is ∼96°, thereby indicating the greater
hydrophobicity of the alkyne-modified titania/indium tin oxide
(ITO) substrate. This difference in hydrophobicity can be
correlated to the difference in the densities of alkyne groups on
the substrates. We attribute the higher density of particles on
the titania substrate to the presence of the alkyne groups. To
qualitatively estimate the increase in surface roughness
following the piranha wash, we kept track of the color change
in the pretreatment solution. We interpreted a greater color
change in the pretreatment solution as a greater removal of the
substrate because of the piranha wash. We observed that the
color change was greatest with stainless steel. On the basis of
this qualitative measure, we attributed the greater particle
density on stainless steel (Figure 1d) to the greater surface
roughness following the piranha wash.

Substrate-solvent interactions and particle-solvent interac-
tions also play an important role in controlling the density of
the nanoparticles. To study the effect of these interactions, we
performed additional experiments with alkyne-functionalized
silicon substrates and azide-functionalized gold nanoparticles
dispersed in different solvents, such as dimethylsulfoxide and
dichloromethane, while keeping all the reaction conditions
similar (Figure S7). We observed that these solvents led to
greater aggregation of gold nanoparticles assembled on silicon
substrates than when tetrahydrofuran was used as a solvent
(Figure 1a). Although this observation does not make a more
microscopic connection between the molecular nature of the
solvent and the aggregation of the particles, the observation
clearly suggests that the nature of the solvent plays a critical
role in the assembly of the particles. Additional aspects
correlating the nature of the solvent-substrate interactions to
the assembly of nanoparticles are mentioned by a few
reports.43,44

To obtain the hexagonal close packing of nanoparticles, we
performed experiments with different concentrations of silica
nanoparticles (i.e., 1, 1.5, 2, and 3.5 wt %). SEM images (Figure
S8) clearly suggest that monolayers formed from the 1, 1.5, and
2.5 wt % nanoparticle concentrations had a lower density of
nanoparticles than those from the 3.5 wt % (Figure 1e). This
result suggests that the trends in density can be correlated to
the concentration of the nanoparticles. Furthermore, we
anticipate that the maximum density of nanoparticles is

Figure 3. Cyclic voltammetric results for water splitting on (a) Au@silicon, (b) Au@titania, (c) Au@ITO, and (d) Au@stainless steel substrates.
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attained when the hexagonal close-packed structure is achieved
(Figure 1e).
Additionally, as described in Scheme S1, monolayers of

alkyne-functionalized TiO2 nanoparticles (size ∼200 nm,
Figure 1h), gold nanoparticles (size ∼10 nm, Figure S9a),
and silica nanoparticles (size ∼120 nm, Figure S9b) have also
been fabricated on azide-functionalized silicon substrates, which
supports the generality of the proposed approach for the
fabrication of a variety of nano/heterostructures. Furthermore,
the FTIR peak at 1600 cm−1 confirms the triazole linkage
between the click moieties present on the particles and
substrates (Figure S10).
Electrochemical Methanol Oxidation and Water

Splitting. Methanol Oxidation. Figure 2 shows the cyclic
voltammetric profiles of the gold-nanoparticle monolayers (∼8
nmoles per cm2) on different substrates (Au@silicon (Figure
2a), Au@titania (Figure 2b), Au@ITO (Figure 2c), Au@SS
(Figure 2d)), showing the stability of the electrolyte solution
(0.1 M NaOH + 2.5 M MeOH) at a 500 mV/s scan rate. The
potential range has been restricted in all four cases (i.e., Au@
silicon substrate, Au@titania substrate, Au@ITO substrate, and
Au@stainless steel substrates) to 1.2 V (all potentials are
measured vs Ag/AgCl and are expressed vs SCE) to prevent the
electrochemical oxidation of gold that occurs at potentials
beyond 1.3 V. In the alkaline solutions, the oxidation current
arises because of methanol oxidation followed by oxygen
evolution.46 The oxidation of methanol is initiated by the
deprotonation of the C atom, resulting in CxH2OH radical
bound to the gold surface (x represents a valence bond with the
gold surface).8,47At potentials below 0.7 V, the methanol
oxidation proceeds via the dissociation of a C−H bond in the

methanol as opposed to a O−H bond at higher potentials. It
has been shown that at potentials above 0.7 V, both OH− and
CH3OH are adsorbed on the active surface sites until OH−

reaches a maximum.8,46,48 Once this maximum is attained, the
current stabilizes, and the reaction proceeds via the formation
of the methoxy radical.8,48,49 From the cyclic voltammetry
curves (Figure 2), the high stability of the gold-nanoparticle
monolayers on different substrates can be attributed to the
triazole linkage between the click moieties, which firmly
anchored the gold nanoparticles onto the semiconductor
surface (Figure S11). This result is further confirmed by the
FTIR peak at approximately 1600 cm−1, indicating the presence
of triazole linkages between the gold nanoparticles and the
substrate after 150 cycles (Figure S12). However, a slight
decrease in the current density (approximately 15%) by 150
cycles for Au@titania and Au@ITO (Figure 2b,c) was
observed, likely because of either the instability of the
conducting layers (ITO) or the oxidation of substrates
(titania).36

Water Splitting. Furthermore, we examined gold nano-
particle monolayers (∼8 nmoles per cm2) on different
substrates (i.e., silicon, ITO, titania, and stainless steel) for
electrochemical water splitting. Figure 3 shows cyclic
voltammetric profiles in a 0.1 M NaOH electrolyte solution.
The onset potential at approximately 0.7 V (vs SCE) for all four
samples shows the oxygen-evolution current at approximately
0.6, 11, 2.3, and 45 mA/cm2 for the gold-nanoparticle
monolayers on silicon, titania, ITO, and stainless steel
substrates, respectively, which is higher than that of the bare
substrates. The overall current density will be dependent on
three essential factors: (1) the density of the nanoparticles, (2)

Figure 4. (a) Absorbance vs time curve for RhB dye under light illumination, (b) rate constant curves for RhB dye degradation, and (c) schematic
diagram for the proposed dye-degradation mechanism.
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the electrocatalytic activity of the substrate, and (3) the metal-
nanoparticle support interactions. The first two factors are
more easily calibrated. Both the density of the nanoparticles
and the electrochemical activity of the substrate favor higher
current density in the gold-nanoparticle assembly on stainless
steel. It should be mentioned that the overall current density
observed in the gold-nanoparticle assembly on the substrate is
not just a linear addition of contributions to the electrochemical
reactivity from the gold and the substrate, indicating significant
metal-support interactions.
The onset potential around −1.0 V (vs SCE) for Au@silicon,

Au@titania, Au@ITO, and Au@stainless steel during reverse
scan shows the hydrogen-evolution reaction. We observed a
large amount of hydrogen-bubble evolution (starting at a
potential of −1.0 V) and oxygen-bubble evolution (starting at a
potential 0.7 V) from a 1 × 2 cm2 gold-nanoparticle monolayer

on stainless steel substrates immersed in a 0.1 M NaOH
electrolyte solution.
To study the effect of the metal-semiconductor interface, an

electrochemical water-splitting control experiment was per-
formed under the same conditions as above with a sputtered
thin film of gold (thickness ∼20 nm, detailed in the
experimental conditions given in the Supporting Information)
on the semiconductor surfaces. In the voltammetry experiment,
a lower current density was observed for the gold thin film on
semiconductor surfaces (silicon, ITO, titania, and stainless
steel), as shown in Figure S13 in the Supporting Information.
The lower current density can be attributed to the absence of
porosity in the case of sputtered gold, which does not allow the
electrolyte to access the interfacial sites (Figure S13). This fact
lends credence to the efficiency of the proposed approach for
performing chemical reactions. We note that the current
density is higher in the case of a gold thin film on a silicon

Figure 5. SEM images of (a) two, (b) three, and (c) four layers of silica nanoparticles and (d) bilayer of gold nanoparticles, (e) gold@TiO2@silicon,
and (f) gold@SiO2@silicon.
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substrate than a gold-nanoparticle monolayer on a silicon
substrate. This effect may be attributed to a lower coverage of
gold nanoparticles on the silicon substrate than the thin film.
We performed an additional control experiment to prepare

nanoparticle assemblies by spin-coating gold nanoparticles onto
a silicon substrate (1000 rpm for 45 sec). An electrochemical
water-splitting experiment was performed under an identical
range of pH (0.1 M NaOH) and other operating conditions.
The cyclic voltammetric analysis clearly shows a significant
decrease in the current density from 120 to 70 μA (Figure
S14a) within five cycles, and this decrease can be correlated to
the loss of nanoparticles during the electrochemical reaction,
which we calibrate using SEM images before (Figure S14b) and
after the electrochemical reaction (Figure S14c). This
observation further supports the viewpoint that the lack of
covalent linkages results in a nanoparticle assembly with a lower
stability.
Photocatalytic RhB Dye Degradation. To examine the

photocatalytic activity of gold-nanoparticle monolayers bound
to different substrates via click chemistry, we studied the
photochemical degradation of a Rhodamine B (RhB) dye
solution in neutral aqueous medium (Figure 4). Figure 4a
shows the absorbance at 553 nm versus time curve for an RhB
dye solution in contact with the different samples. The decrease
in the absorbance peak at 553 nm with time (Figure S15)
suggests a faster degradation of the RhB dye in the presence of
Au@silicon and Au@ITO than under illumination without the
catalyst. Au@silicon shows better catalytic activity (48%
degradation efficiency) compared to Au@ITO (40% degrada-
tion), which may be because of the single-crystalline nature of
silicon and silicon itself absorbs light. In addition to the gold
nanoparticles, these features further help to improve the
efficiency. A plot of ln C0/C(where C0 is the initial
concentration of the dye and C is the concentration of the
dye at different time intervals) versus time is shown in Figure
4b, clearly suggesting that in the presence of gold-nanoparticle
monolayer samples RhB dye degradation follows pseudo-first-
order reaction kinetics. The calculated pseudo-first-order rate
constants in the presence of Au@silicon and Au@ITO were
found to be 0.003 and 0.002 min−1, respectively, which are high
compared to the control samples. We also note that the control
samples did not follow pseudo-first-order degradation, and
under dark conditions with and without using the prepared
catalysts there was almost no change in the absorbance peak
intensity for almost 120 min (Figure S16).
Figure 4c shows a schematic representation of a possible

mechanism for the degradation of RhB dyes. During the
photocatalytic degradation of the RhB dye, both the SPR effect
of the gold nanoparticles and the electronic transition in the
gold nanoparticles play roles (Figure 4c). Upon illumination,
the gold nanoparticles absorb resonant photons and excite
electrons from the band below the Fermi level to higher energy
states. The excited electrons are transferred to the conduction
band of the semiconductors, where the electrons are further
transferred to adsorbed O2 molecules to generate •O−2 species.
Simultaneously, photogenerated holes react with water
molecules to generate hydroxyl (•OH−) radicals, which are
mainly responsible for the degradation of the RhB dye.
Therefore, we believe that the SPR effect cannot be decoupled
from the electronic transitions, and both play significant roles in
RhB dye degradation.4,15,50,51

Hybrid Multilayer Heterostructures. Heterostructures
with alternative layers of different metal and semiconductor

nanoparticles can provide a path to fabricate hybrid structures
of different band-gap semiconductor materials, which can be
useful for capturing a large fraction of the solar spectrum. To
explore the applicability of the proposed approach for the
design of such hybrid heterostructures, we have shown
controlled, multilayer formation of silica nanoparticles, gold-
TiO2 multilayer heterostructures, and gold-coated silica nano-
particle heterostructures. To prove the concept of tailored
multilayers, we have chosen silica nanoparticles for character-
ization purposes. Figure 5 shows tailored multilayers of
different nanoparticles fabricated by sequential deposition
(LbL) of alkyne/azide-functionalized nanoparticles on freely
available azide/alkyne moieties on nanoparticle monolayers.
Figure 5a−c show SEM images of two, three, and four tailored
multilayers of silica nanoparticles on alkyne-functionalized
silicon substrates, respectively. Tailored multilayers of silica
nanoparticles show dense packing and regions that have hcp
structure, which clearly suggests that this approach can be
utilized to prepare tailored multilayers of materials with
different band gaps and electrochemical and photoelectrochem-
ical properties. Additionally, Figure 5d shows a bilayer of gold
nanoparticles on an alkyne-functionalized silicon substrate with
minimal aggregation, which further supports the generality and
versatility of the proposed approach. Additionally, an azide-
functionalized gold bilayer on an alkyne-functionalized TiO2
monolayer (Figure 5e) and azide-functionalized gold-coated
silica nanoparticle (size ∼550 nm, Figure 5f, also see the
Supporting Information) monolayers on an azide-function-
alized silicon substrate have been fabricated, as described in
Scheme S1. The above SEM results clearly show that the
proposed approach allows for the assembly of a variety of
nanoparticles in controlled hybrid multilayer heterostructures.

■ CONCLUSIONS
Our results demonstrate a generic approach for processing
metallic mono/tailored multilayers on a variety of substrates
(silicon, titania, ITO, and stainless steel) via click chemistry. We
observed an enhancement in the electro/photocatalytic activity
and stability of heterostructures towards electrochemical
methanol oxidation, electrochemical water splitting, and
photocatalytic degradation of RhB dye. The enhancement in
the stability of the heterostructures is because of the stable
triazole linkage formed between the azide and alkyne groups
present on the gold nanoparticles and substrates surfaces,
respectively. Additionally, hybrid tailored mono/multilayer
heterostructures of gold, TiO2, and silica nanoparticles on
silicon and glass substrates support the generality of the
proposed approach and illustrate a methodology for designing
stable hybrid heterostructures that can interact with a large
fraction of the solar spectrum.
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