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T
he assembly of individual nanostruc-
tures into more complex structures
can lead to novel properties of im-

portance in fields such as renewable en-
ergy.1�3 Metal oxide nanoparticles and nano-
structured films are widely known for
their photocatalytic properties, enabling
conversion of sunlight into chemical en-
ergy.4�8 The photocatalytic activity of such
structures can often be enhanced through
the use of heterojunctions between differ-
ent oxides because the band offsets be-
tween the oxides can facilitate the separa-
tion of charge.1,2 The WO3/TiO2 system

9�16

is particularly interesting because the va-
lence and conduction bands ofWO3 both lie
deeper in energy than those of TiO2; this
arrangement is often referred to as a “type
II” band alignment and is particularly favor-
able for separation of photoexcited elec-
trons and holes because the holes are
energetically more stable in TiO2 while
the electrons are more stable in the
WO3. In addition, the 2.8 eV band gap of
WO3

17,18 (corresponding to a wavelength of
∼440 nm) is smaller than that of anatase
(3.2 eV), so that WO3 enhances the ability
of visible-light photons to induce photo-
catalytic activity. Photoexcitation of WO3/
TiO2 heterojunctions at wavelengths
shorter than ∼440 nm leads to creation of
electron�hole pairs in WO3, followed by
transfer of holes from WO3 to TiO2. Thus,
the WO3/TiO2 heterojunction structure
enhances the photooxidation activity by
facilitating charge separation and by en-
abling excitation using light at longer
wavelengths.5,9,12,15

The performance of WO3/TiO2 and other
oxide/oxide heterojunctions is critically
dependent on the ability to achieve inti-
matemixing and electrical contact between
different materials.14 Heterojunctions can
be formed via a range of physical methods
such as physical mixing13,15 and sequen-
tial deposition methods.14,19 The use of
chemical assembly methods instead of the
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ABSTRACT

Metal oxides play a key role in many emerging applications in renewable energy, such as dye-

sensitized solar cells and photocatalysts. Because the separation of charge can often be

facilitated at junctions between different materials, there is great interest in the formation of

heterojunctions between metal oxides. Here, we demonstrate use of the copper-catalyzed

azide�alkyne cycloaddition reaction, widely referred to as “click” chemistry, to chemically

assemble photoactive heterojunctions between metal oxide nanoparticles, using WO3 and

TiO2 as a model system. X-ray photoelectron spectroscopy and Fourier-transform infrared

spectroscopy verify the nature and selectivity of the chemical linkages, while scanning electron

microscopy reveals that the TiO2 nanoparticles form a high-density, conformal coating on the

larger WO3 nanoparticles. Time-resolved surface photoresponse measurements show that the

resulting dyadic structures support photoactivated charge transfer, while measurements of

the photocatalytic degradation of methylene blue show that chemical grafting of TiO2
nanoparticles to WO3 increases the photocatalytic activity compared with the bare WO3 film.

KEYWORDS: metal oxide . click chemistry . photocatalysis . surface
functionalization . dyads
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more commonly used physical methods provides an
alternative, highly scalable approach to formation of
heterojunctions between materials, especially when
in nanoparticle form.2,20 The Cu(I)-catalyzed azide�
alkyne cycloaddition (CuAAC) reaction (often referred
to as “click” chemistry)21 has recently emerged as a
particularly versatile way to achieve chemical assem-
bly. While originally envisioned as a way to make
molecule�molecule linkages, the CuAAC reaction has
also been used to covalently bond molecules to ex-
tended surfaces22�26 and to nanoparticles.24,25,27�29

This reaction is of especially great interest because the
triazole linkage formed upon reaction of an azide
with an alkyne is a conjugated structure that supports
electron transfer.22,30,31

Despite the widespread use of the CuAAC reaction
to link small molecules to various substrates, the
extension to the assembly of larger structures such as
nanoparticle�surface or nanoparticle�nanoparticle
junctions is much less explored.32�34 Furthermore,
while the ability to use the CuAAC reaction to form
heterojunctions between semiconducting nanoparti-
cles (such as between different metal oxides) could
have great potential for applications such as novel
photocatalysts and solar conversion, very few studies
have explored the photoelectrochemical properties
of CuAAC adducts.23 Here, we demonstrate that the
CuAAC reaction can be used to form photoelectro-
chemically active oxide/oxide nanoparticle hetero-
junctions, using the assembly of TiO2 nanoparticles
onto WO3 nanoparticle thin films as a model system.
Scanning electron microscopy (SEM) shows that the
CuAAC reaction leads to highly conformal bonding of
TiO2 nanoparticles onto the WO3 nanoparticle film.
X-ray photoelectron spectroscopy (XPS) and Fourier-
transform infrared (FTIR) spectroscopy measurements
demonstrate that reaction occurs selectively between
alkyne-functionalized TiO2 and azide-functionalized
WO3 nanoparticles, while time-resolved surface photo-
response (TR-SPR) measurements directly reveal that
TiO2 nanoparticles enhance interfacial charge transfer.
Finally, we demonstrate that the resulting WO3/TiO2

dyadic structures enhance the photo-oxidative break-
down of methylene blue, as a model photocatalytic
reaction. These results show that the use of the CuAAC
reaction provides a pathway toward formation of
photoactive nanoparticle heterojunctions of relevance
to emerging applications in renewable energy.

RESULTS

Formation of WO3/TiO2 Nanoparticle Heterojunctions via
CuAAC Reaction. TomakeWO3/TiO2 nanoparticle hetero-
junctions, we first made a thin film of WO3 nanoparti-
cles and modified the WO3 nanoparticles with azide
groups by photochemically grafting 3-buten-1-ol to
the nanoparticles and then converting the exposed

�OH groups to azide groups using an intermediate
mesylation step, as depicted in Figure 1a. The TiO2

nanoparticles were synthesized and modified with
alkyne group via adsorption of O-propargyl citrate, as
shown in Figure 1b.29 This ligand provides enhanced
water stability compared with alternative monoden-
tate ligands.29 The conditions for the CuAAC reaction
on WO3 were optimized using the molecule 4-
(trifluoromethoxy) phenyl acetylene (TFMPA), as de-
scribed in the Materials and Methods section. These
optimized conditions were then used to link the
alkyne-modified TiO2 nanoparticles to the WO3 nano-
particle films via the CuAAC reaction to form the
chemically assembled WO3/TiO2 adducts depicted in
Figure 1c. Detailed procedures for each step depicted
in Figure 1 are described in the Materials and Methods
section.

SEM Imaging of Chemically Assembled Nanoparticle Hetero-
junctions. To confirm successful chemical assembly of
TiO2 nanoparticles onto the WO3 nanoparticle film, we
used scanning electron microscopy to visualize the
WO3 films before and after reaction. Figure 2 shows
SEM images of the bareWO3 surface and aWO3 surface
after the CuAAC reaction with the TiO2 nanoparticles.
The bare WO3 film shows nanoparticles ∼50 nm in
diameter, with no surface features visible on the
particles. After functionalization with the TiO2 nano-
particles, the SEM images clearly show TiO2 nanopar-
ticles conformally coating the WO3 nanoparticles.
A cross-section of the full WO3 film after grafting of TiO2

nanoparticles established that the TiO2 nanoparticles
were able to penetrate and functionalize ∼100 nm
deep into a ∼200 nm thick WO3 nanocrystalline film.

Figure 1. Schematic illustration showing steps in funct-
ionalization. (a) Azide functionalization of WO3 nanoparti-
cles, (b) functionalization of TiO2 nanoparticles with O-
propargyl citrate, and (c) CuAAC reaction to form WO3/
TiO2 nanoparticle heterojunction.
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Chemical Characterization of CuAAC Linking Chemistry. We
used X-ray photoelectron spectroscopy and Fourier-
transform infrared spectroscopy to characterize the
CuAAC reaction and included control experiments to
establish that the formation of the WO3/TiO2 nanopar-
ticle adducts occurred selectively as a consequence of
the CuAAC chemistry and not from nonspecific inter-
actions such as electrostatic or dispersion forces.35

Figure 3 shows XPS data from WO3 nanoparticle films
that were carried through the full reaction sequence
(“full CuAAC”) to yield the nanoparticle�nanoparticle
adduct depicted in Figure 1c, along with data obtained
from two control samples. The “no azide” control
consists of a WO3 nanoparticle film that was modified
with butenol and carried through the entire reaction
sequence, except the mesylation and azidation steps
(see Figure 1a) were eliminated; assuming perfectly
selective coupling between the azide and alkyne
groupswith no other side reactions, this sample should
therefore correspond to a butenol-modified WO3 sur-
face. The “no Cu” control sample consists of a WO3

sample that was carried through the entire reaction
sequence, except that theCu/TBTA solutionwas replaced
with neat DMSO for the final coupling step of Figure 1b;
assuming perfectly selective chemistry, this sample
should correspond to an azide-modified WO3 surface.

In Figure 3, the N(1s) peak near 404.5 eV for the “no
Cu” control is characteristic of the positively charged

N atom of the�NdNþdN� azide resonance structure.
The presence of this peak on the “no Cu” control
verifies successful functionalization of the WO3 nano-
particle filmwith azide groups; the absence of this peak
on the “full CuAAC” sample is consistent with reaction
of the azide groups to form the interfacial triazole ring
(see Figure 1c), which yields N(1s) peaks near 400.0 and
401.5 eV. The Ti(2p) data for the “no azide” control and
the “no Cu” control sample show only minimal inten-
sity, while the “full CuAAC” sample shows amuch larger
signal; thus, the Ti(2p) data show that grafting of

Figure 3. XPS data for azide-modifiedWO3 sample exposed
to alkyne-modified TiO2 nanoparticles, including full CuAAC
reaction conditions (bottom line, green) and no Cu (middle
line, blue) and no azide (bottom line, red) control samples as
described in the text.

Figure 2. Bare nanocrystalline WO3 film before and after
CuAAC reaction with alkyne-modified TiO2 nanoparticles:
(a) before reaction, (b) after reaction to form the WO3/TiO2

adduct.
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alkyne-modified TiO2 nanoparticles to the WO3 nano-
particle film is selective, requiring the presence of both
the azide groups and the Cu(I) catalyst. The C(1s) data
(Figure 3c) are difficult to analyze because small
amounts of carbon contamination are unavoidable in
benchtop chemistry; however, the “full CuAAC” sample
shows a C(1s) feature at a high binding energy of
289 eV (indicted by an arrow) not present on the other
samples; this high binding energy is characteristic of
CdOmoieties within carboxylate groups and is similar
to that observed from acetic anhydride adsorbed on
TiO2.

36 The presence of this peak confirms that the TiO2

nanoparticles grafted onto the WO3 surface remain
functionalized with the O-propargyl citrate ligand
(Figure 1b), which has three carboxylate groups
per molecule. The W(4f) and O(1s) data show little
change during the reaction sequence, except that
the W(4f) signal becomes slightly attenuated while
the O(1s) signal is slightly enhanced after reaction;
these changes are consistent with linking TiO2 nano-
particles onto the WO3 film.

Figure S6 and S7 in the Supporting Information
show XPS survey spectra after formation of the WO3/
TiO2 adduct, a “no azide” control sample of a butenol-
modified WO3 film (without subsequent mesylation
or azidation steps) that was exposed to the alkyne-
modified TiO2 with the Cu catalyst, and a WO3 sample
functionalized via the CuAAC reaction with TFMPA.
Figure S6 shows no detectable contamination except
for small amounts of Na. In particular, Figure S7 shows
an expanded view of the 920�950 eV regionwhere the
primary Cu(2p) peaks are; even on this expanded scale
there is no detectable intensity from Cu. Thus, while Cu
is used as a catalyst in the CuAAC reaction, there is no
detectable copper remaining on any of the functiona-
lized surfaces. Our data indicate that the organic layers
used in the reactions effectively prevent Cu ions from
binding to the nanoparticle surfaces.

Figure 4 shows FTIR data at different stages of
the CuAAC reaction sequence. The butenol-modified
surface is dominated by the �CH2 features near
2900 cm�1. The azide-modified surface shows a pro-
nounced peak at 2098 cm�1 due to the azide group.
After reaction, this azide peak is reduced in intensity.
We note that because of geometric constraints not all
azide groups are expected to be able to bind to the
roughly spherical TiO2 nanoparticles, and therefore
the persistence of some azide group after reaction is
consistent with expectations. The nanoparticle solu-
tion also likely contains some excess O-propargylcitric
acid that is not completely removed by dialysis; these
ligands can also react with azide groups that are not
accessible to the TiO2 nanoparticle due to the above-
mentioned packing constraints.

Photoelectrochemical Response. To determine how the
chemical assembly of TiO2 nanoparticles onto the WO3

nanoparticle film altered the photoelectrochemical

response, we used time-resolved surface photoresponse
measurements to characterize the photoinduced charge
transfer. While most studies of photoelectrochemical
response measure the long-time behavior that is largely
dominated by diffusion and recombination in the
bulk,37,38 our studies focused on investigating the faster
(nanosecond-scale) charge-transfer processes character-
istic of the surface region. In thesemeasurements a short
laser pulse (here,∼3 ns duration) was used to illuminate
the sample, creating photoexcited electron�hole pairs.
Separation of these electron�hole pairs at the interface
created a transient capacitive displacement current that
was measured and recorded using a fast digital oscillo-
scope. Themeasured transient displacement current can
be presented directly or can be integrated to show the
time-dependent transfer of charge,Qtrans. Themaximum
value of Qtrans is a measure of the extent of charge
transfer induced at the surface by each pulse of light.
Figure 5b shows the Qtrans vs time measured at one
wavelength, here arbitrarily chosen to be 550 nm.
Figure 5c shows the magnitude of Qtrans as a function
of excitation wavelength for a WO3/TiO2 adduct
structure like that shown in Figure 2, along with a
bare WO3 nanocrystalline film, a film after grafting
with butenol, and a WO3 sample that was functiona-
lized with butenol and carried through all steps to
undergo the CuAAC reaction with TFMPA. In each
case Qtrans was normalized to a constant fluence of
700 μJ/pulse to account for slight variations in laser
fluence with wavelength. Figure 5d shows the exter-
nal absorbance (i.e., absorbance uncorrected for re-
flection losses) of the same film. It shows a broad
onset to absorption near 450 nm, although it is
difficult to separate absorption from scattering and
reflection losses in nanocrystalline films. The spec-
trum is consistent within previous studies showing
that WO3 nanocrystalline films have a broad absorp-
tion edge near∼440 nmwith a tail extending out past
470 nm.39 In contrast, TiO2 does not absorb apprecia-
bly at wavelengths > 400 nm.

Figure 4. FTIR spectra ofWO3 nanoparticle films at different
stages of functionalization.
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The data in Figure 5c show that the wavelength
dependence of the photoelectric response from the
WO3/TiO2 adduct is similar to that of the measured
absorbance (Figure 5d). At wavelengths between
∼400 and ∼450 nm, where bulk WO3 absorbs but
TiO2 does not, the photovoltaic response from the
covalently bondedWO3/TiO2 dyadic structures is large,
with the sign of the charge transfer corresponding to
accumulation of holes at the outermost surface (i.e., the
TiO2 nanoparticle layer). This is the expected behavior
if the absorption of light in WO3 or TiO2 creates
electron pairs with the holes preferentially trapped
on the TiO2 nanoparticles. The bareWO3 surface shows

no significant response throughout the entire visible
region. A small positive response is also observed in the
midvisible (∼500�600 nm) range from all the samples
that have been functionalized via the photochemical
grafting procedure. At the very shortest wavelength all
samples that have been functionalized with molecular
layers via the UV grafting method show a change
in sign corresponding to accumulation of negative
charge at the surface. WO3 is widely known for its
photochromic behavior when illuminated with UV
light,13 and our results suggest that the UV grafting
processmay affect the trapping of charges withinWO3.
The data in Figure 5c clearly demonstrate that the
coupling of TiO2 nanoparticles to theWO3 nanocrystal-
line film via the CuAAC reaction significantly enhances
the accumulation of positive charges at the outermost
surface when illuminated with visible light in the
400�500 nm region.

Photocatalytic Activity. To test whether the assembly
of TiO2 nanoparticles onto the WO3 nanoparticle film
altered the photocatalytic activity, we investigated the
photochemical degradation of methylene blue (MB)
solutions in contact with the nanoparticle films. Sam-
ples of interest were immersed into spectropho-
tometer cuvettes containing a solution of methylene
blue (4.0 μM in water); the samples were then illumi-
nated with monochromatic light at a wavelength of
365 nm. After specific times the UV�visible absorption
spectrum of each solution was measured. Figure 6a
shows absorption spectra from the MB solution in
contact with the WO3/TiO2 adducts. MB gives rise to
a large absorption peak at 663 nm. As the illumination
time is increased, this peak is reduced in intensity.
At the longest times, the absorption peak also appears
to shift slightly to shorter wavelength, likely due to a
small amount of absorbance from the decomposition
products.

Figure 6b shows the absorbance at 663 nm (at or
near the peak absorbance) vs time for several different
samples, along with fits of the absorbance A(t) to a
first-order decay, A(t) = A0 exp

�kt, where k is the rate
constant and A0 is the absorbance at time t = 0.15 The
individual measurements were normalized to themea-
sured absorbance at t = 0 to account for slight varia-
tions inMB concentration in different experiments. The
sample made by chemical assembly of TiO2 nanopar-
ticles onto the WO3 surface yielded a rate constant of
k= (2.7( 0.1)� 10�3min�1, while the bareWO3 surface
yielded (1.40 ( 0.07) � 10�3 min�1. A pure methylene
blue solution (with no immersed sample) yielded an
immeasurably low value of k < 1 � 10�5 min�1,
statistically indistinguishable from zero. Similarly, con-
trol experiments using anuncoated Si substrate showed
no detectable degradation of methylene blue. These
experiments show that chemical assembly of TiO2

nanoparticles onto the WO3 nanocrystalline film in-
creases the photocatalytic efficiency by approximately

Figure 5. (a) Time-resolved surface photoresponse mea-
surement. (b) Time-dependent charge transfer from WO3/
TiO2 adduct. (c) Wavelength dependence of maximum
charge transfer Qmax for TiO2 nanoparticles linked to WO3

and for control samples described in the text. (d) Absorption
spectrum of WO3 film, not corrected for scattering or
reflection losses.

A
RTIC

LE



CARDIEL ET AL . VOL. 6 ’ NO. 1 ’ 310–318 ’ 2012

www.acsnano.org

315

a factor of 2. While many factors such as the presence
of surface states can affect the overall photocatalytic
activity, these results show that the chemically as-
sembledWO3/TiO2 heterojunction structures are photo-
catalytically active.

DISCUSSION

The results presented above show two important
facts: first, that the CuAAC reaction can be used to
create heterojunctions between different metal oxide
nanoparticles using selective reactions that form ro-
bust chemical linkages; second, that the resulting
nanoparticle heterojunctions are photoelectrochemi-
cally active, able to support charge transfer that en-
hances photocatalytic activity. These results suggest
the possibility of using the CuAAC reaction as a path-
way toward formation of a wider variety of charge-
separating heterojunction structures. Heterojunctions
between different semiconductors are important be-
cause the offset of valence and conduction bands
can enhance the separation of charge, thereby reduc-
ing recombination rates and enhancing photo-
catalytic activity.40�45 TiO2 has a band gap of 3.2 eV
(corresponding to a wavelength ∼385 nm), but be-
cause it is an indirect gap semiconductor, the

absorption is weak at wavelengths longer than
∼350 nm.46 WO3 has a band gap of ∼2.8 eV17,18 and
so absorbs light at wavelengths shorter than∼440 nm.
More importantly, previous studies have shown that
valence and conduction bands of WO3 are both lower
in energy than those of TiO2, leading to a staggered
“type II” band alignment depicted in Figure 7a.11,47

A consequence of this alignment is that when electron�
hole pairs are created by absorption of light in WO3

(Figure 7a), the valence-band holes are expected to
preferentially migrate to the TiO2 (Figure 7b) while the
conduction-band electrons are expected to remain in
the WO3. Thus, the WO3/TiO2 heterojunction induces
charge separation that facilitates electrochemical oxi-
dation reactions at the TiO2 surface and reduction
reactions at WO3 (Figure 7c).11,12,47

Our results show that the CuAAC reaction plays a
critical role in the assembly of the nanoparticle struc-
tures. It is less clear whether subsequent charge-
transfer processes occur through themolecular assem-
bly or whether the nanoparticles achieve direct nano-
particle�nanoparticle contact. While our results show
that the binding of the TiO2 nanoparticles to the WO3

nanoparticle film is clearly controlled by the formation
of chemical bonds during the CuAAC reaction, subse-
quent rinsing and drying steps also introduce capillary
forces between the TiO2 nanoparticles and the under-
lying WO3 film. The capillary force between a nanopar-
ticle and an underlying substrate can be roughly
estimated as F = 4πRσ cos(θ), where R is the particle
radius, σ is the interfacial tension, and θ is the contact
angle.48 Using R = 3 nm, σ = 7.0 � 10�3 N/m, and θ =
75� (a value typical of TiO2 with organic layers)49 yields
a force of 2� 10�9 Newton. Estimating this is distributed
over a radius of 1 nm yields a pressure of 2� 108 N/m2,
or 0.2 GPa. Pressures of this magnitude are in the
range where a transition from fluid-like to solid-like
behavior has been observed in studies of self-
assembled monolayers using atomic force micro-
scopy.50 While further studies will be necessary to
develop a more detailed understanding of how the
molecules impact transfer processes, our results
show that the CuAAC reaction using short molecular
ligands can be used to assemble oxide/oxide nano-
particle heterojunctions that enhance charge transfer
and photocatalytic activity.

Figure 7. Successive stages in photoinitiated charge trans-
fer at WO3/TiO2 junction, including absorption (left), hole
migration (center), and resulting separated electron�hole
pair (right).

Figure 6. (a) UV�visible absorption spectrum of methylene
blue in contact with the WO3/TiO2 adduct after indicated
illumination times. (b) Absorbance at 663 nm vs time for
methylene blue solution (black) and forMB solution in contact
with UV-illuminated samples of WO3 (blue) and WO3/TiO2

adduct (green). Solid lines are fits to exponential decays.
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CONCLUSIONS
Our results show that the CuAAC “click” reaction can

be used to chemically assemble heterojunctions be-
tween metal oxide nanoparticles and that when illumi-
nated the resulting WO3/TiO2 adducts support charge

transfer and exhibit enhanced photocatalytic activity
compared with the WO3 surface alone. These results
suggest that the use of “click” chemistry may enable a
broad range of applications in the chemical assembly of
novel charge-transporting heterostructures.

MATERIALS AND METHODS
WO3 Nanoparticle Thin Film Preparation. The WO3 nanoparticle

paste was created following a slight variation of previously
published procedures51,52 by adding 10 g of a 10% solution of
Butvar (Aldrich) in absolute ethanol to 2 g of WO3 nanopowder
(30�70 nm diameter, Nanostructured & Amorphous Materials),
followed by 8 g of terpineol (Aldrich) and an additional 10mL of
absolute ethanol. The mixture was ultrasonically agitated for
90 min, and the excess solvent was removed using rotary
evaporation, forming a paste. The paste was screen-printed
onto a substrate, giving a circular film 5 mm in diameter. Most
experiments used substrates of fluorinated tin oxide on glass
(sheet resistance 15 Ω/sq, Hartford Glass) that served as a
conductive and transparent substrate. Some scanning electron
microscopy experiments were performed using thin films
screen-printed onto heavily doped silicon wafers; because Si
substrates are flatter than FTO, Si substrates give better mea-
surement of the nanoparticle film thickness. Methylene blue
photodegradation experiments were carried out using thin
films screen-printed onto Si substrates. Following screen-
printing the films were sintered at 140 �C for 20 min followed
by additional heating at 500 �C for 1 h. The resulting films were
approximately 200 nm thick, consisting of particles that were
30�70 nm in diameter. A Raman spectrum of the resulting film
is presented in the Supporting Information (Figure S1). The
frequencies and intensities of the peaks are in close agreement
with those reported previously for the monoclinic P21/m
(γ-WO3) phase.

53

WO3 Nanoparticle Thin Film Functionalization. WO3 nanoparticle
thin films were functionalized with a terminal azide group using
a procedure similar to that reported for SnO2 thin films.23 This
procedure is depicted in Figure 1a. The WO3 nanoparticle film
was covered with a thin layer of 3-buten-1-ol and then sealed
in an Ar-purged cell in an Ar glovebox. The cell was then
exposed to ultraviolet (UV) light (254 nm, ∼15 mW/cm2) for
15 h to graft the 3-buten-1-ol molecules to the WO3 surface via
the alkene group. The samples were then rinsed sequentially
with methanol (MeOH), CHCl3, and isopropyl alcohol (IPA). The
terminal �OH groups were converted to methanesulfonyl
(mesyl) groups by immersing the sample in a 10:1:1 (by volume)
dichloromethane (DCM)/triethylamine (NEt3)/methanesulfonyl
chloride (MsCl) mixture for 1 h in an ice bath. After rinsing
with DCM, MeOH, and IPA for 30 s each the mesyl groups
were converted to azide groups by immersing the sample in a
solution of supersaturated NaN3 in dimethylsulfoxide (DMSO)
for 15 h at 80 �C. Rinsing with deionized water for one minute
followed by IPA for 30 s resulted in azide-modified surfaces.

Preparation of Alkyne-Modified TiO2 Nanoparticles. Bare TiO2

nanoparticles were synthesized using procedures described
by Kotsokechagia et al.,54 as detailed in the Supporting Informa-
tion. The size distribution of the TiO2 nanoparticles was char-
acterized by transmission electron microscopy (TEM). Figure S2
of the Supporting Information shows a representative TEM
image of the TiO2 nanoparticles dispersed on lacey carbon. Size
analysis yielded an average diameter of 5.9 nm, with a standard
deviation of 1.1 nm.

The TiO2 nanoparticles were functionalized with alkyne
groups using O-propargylcitric acid, a citric acid derivative
bearing an alkyne group, as described previously.29 Functiona-
lization was accomplished by first precipitating the nanoparti-
cles from the acidic storage solution by addition of a mixture of
3:1 (v:v) diethyl ether/MeOH. The cloudy precipitate was agi-
tated to completely homogenize the contents; the mixture was
then centrifuged (5000 rpm for 10 min), and the supernatant

was thendecanted.O-Propargylcitric acid (10mM inMeOH)was
added to the nanoparticle precipitate, and the resultingmixture
was agitated to resuspend the nanoparticles. The suspension
was ultrasonically agitated for 1.5 h to yield a translucent
suspension, which was then dialyzed using a cellulose mem-
brane (Sigma Aldrich #D9777, molecular weight cutoff 12400 Da)
in MeOH for 48 h. The dialysis solution was refreshed after 24 h.
The samples were stored in the dark until use. Successful
functionalization was assessed using transmission-mode FTIR
spectroscopy by placing a small amount of the suspension onto
a salt plate and evaporating theMeOH at 80 �C. The appearance
of absorbance bands that are characteristic of O-propargyl
citrate bound onto the TiO2 nanoparticles was observed at
1380�1460 and 1540�1620 cm�1; these spectra are shown in
the Supporting Information, Figure S3.

CuAAC Reaction between Azide-Modified WO3 Nanoparticle Film and
Alkyne-Modified TiO2 Nanoparticles. Optimum conditions for the
CuAAC reaction were identified by reacting the WO3 nanopar-
ticle films with 4-(trifluoromethoxy)phenylacetylene (TFMPA).
In addition to having an alkyne group, thismolecule has F atoms
that serve as good markers in XPS. XPS data demonstrating the
chemically selective reaction of TFMPA with the azide-modified
WO3 nanoparticles are shown in the Supporting Information.
The optimized conditions were then used to make the
WO3/TiO2 adducts. The azide-modified WO3 nanoparticle film
was immersed in a solution made from 0.5 mL of the of alkyne-
modified TiO2 nanoparticle suspension (2� 10�4 M Ti concent-
ration), 0.01 g of sodium ascorbate, 0.5 mL of water, and 1mL of
2 mM copper/Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine
(Cu/TBTA) solution in DMSO for approximately 14 h. The
samples were then sequentially rinsed with deionized water,
MeOH, and IPA and then stored in IPA until use. To test whether
the reactions occurred selectively between the azide- and
alkyne-modified nanoparticles, control experiments were per-
formed in which the mesylation and azidation steps were
eliminated and by leaving out the Cu catalyst in the final
coupling step.

Fourier-Transform Infrared (FTIR) Measurements. Infrared spectra
were collected using an FTIR spectrometer (Vertex 70, Bruker
Optics, Billerica, MA, USA) at a resolution of 4 cm�1 in single-
bounce external reflection mode using a variable-angle spec-
ular reflectance accessory with a wire grid polarizer (VeeMAX II,
Pike Technologies, Madison, WI, USA). All reflection spectra
were collected with p-polarized light at an incident angle of
50� from the surface normal. FTIR spectra of functionalized
surfaces were measured using an unfunctionalized sample as
the background. Residual baselines were removed to improve
the clarity of the spectra. Baseline correction was achieved using a
polynomial fit to remove sloping and/or curved background. In
this procedure a single polynomial was fit to each spectrum,
including only regionswhereno absorption featureswere present.

X-ray Photoelectron Spectroscopy Measurements. XPS data were
obtained using a custom-built XPS system (Physical Electronics
Inc., Eden Prairie, MN, USA) consisting of a model 10-610 Al KR
source (1486.6 eV photon energy) with a model 10-420 toroidal
monochromator and a model 10-360 hemispherical analyzer
with a 16-channel detector array; measurements were typically
performed using a electron takeoff angle of 45� and an analyzer
pass energy of 58.75 eV (yielding an analyzer resolution of 0.88 eV).
Peak areas were calculated by fitting the raw data to Voigt
functions after a Shirley baseline correction.55 The spectra of
each sample were shifted as necessary to make the primary
C(1s) peak lie at a fixed energy of 284.8 eV;56 all other spectra for
a given sample were shifted by the same amount.
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Time-Resolved Surface Photoresponse Measurements. Time-resolved
surface photoresponse measurements57�59 were performed
using a custom-made cell holder in which a sense electrode
was held 25 μm away from the sample surface. The entire cell
was sealed inside an argon glovebox. The sample was illumi-
nated with short pulses (<3 ns, ∼700 μJ/pulse) from a tunable
laser system (NT340, Ekspla, Inc., Vilnius, Lithuania); the resulting
separation of charges induced a transient change in surface
potential that was sensed via the displacement current induced
in the adjacent sense electrode, which was connected directly
to the input of a fast amplifier (model TA2000B-3, FAST ComTec
GmbH, Oberhaching/München, Germany) with 50 Ω input
and output impedances, 1.5 GHz bandwidth, and 40� voltage
gain. The amplified output was recorded on a sampling
digital oscilloscope (model DSO5054A, Agilent, Inc., Santa Clara,
CA, USA).

Photochemical Activity Measurements. Photochemical activity
measurements were performed by immersing the sample
(5 mm diameter active region) in a cuvette containing a 4 �
10�6 M solution of methylene blue in water and illuminating
with 365 nm light from a long-wave ultraviolet lamp (Spectro-
line ENB-260C) with a flux of ∼3.1 mW/cm2 at the sample. At
this wavelength the absorption by the TiO2 nanoparticles is
negligible.57�59 The absorbance of the methylene blue was
measured as a function of time using a Shimadzu UV�visible
spectrophotometer, and the rate of decomposition was ex-
tracted from the change in absorbance vs time.
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