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Gold nanoparticle-loaded titania (Au/TiO,) inverse opals are highly
ordered three-dimensional photonic structures with enhanced
photocatalytic properties. However, fine control over the place-
ment of the Au nanoparticles in the inverse opal structures
remains challenging with traditional preparative methods. Here,
we present a multi-component co-assembly strategy to prepare
high-quality Au/TiO, inverse opal films in which Au nanoparticles
are either located on, or inside the TiO, matrix, as verified using
electron tomography. We report that Au nanoparticles embedded
in the TiO, support exhibit enhanced thermal and mechanical
stability compared to non-embedded nanoparticles that are more
prone to both leaching and sintering.

Introduction

Semiconductor photocatalysts play a crucial role in enabling sus-
tainable technologies, such as clean energy production and
environmental pollutant remediation, due to their capability of
initiating redox reactions upon exposure to light illumination."?
In particular, titania (TiO,) has been widely investigated for
photocatalytic applications because of its remarkable chemical
stability, relative abundance and non-toxicity.** However, several
challenges restrict the widespread commercial deployment of
TiO,-based photocatalysts.>® Specifically, the large bandgap
(approximately 3.0-3.2 eV) of TiO, and relatively high charge
recombination rate constrain the number of photo-generated elec-
tron-hole pairs available for photocatalytic reactions, limiting the
overall photocatalytic efficiency.”®

“Materials Chemistry and Catalysis, Debye Institute for Nanomaterials Science,
Utrecht University, Utrecht, Netherlands. E-mail: j.e.s.vanderhoeven@uu.nl
bDepartment of Chemistry and Chemical Biology, Harvard University, Cambridge,
MA, USA. E-mail: jaiz@seas. harvard.edu

‘John A. Paulson School of Engineering and Applied Sciences, Harvard University,
Allston, MA, USA

tElectronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr01200c¢

1 These authors contributed equally.

This journal is © The Royal Society of Chemistry 2024

Marianne Bijl,*“ Kang Rui Garrick Lim,
Nienke L. Visser,® Michael Aizenberg,

™ COYAL SOCIETY
ap OF CHEMISTRY

Controlling nanoparticle placement in Au/TiO,
inverse opal photocatalysts}

$P€ Sadhya Garg,© Natalie J. Nicolas, 2 ¢
¢ Jessi E. S. van der Hoeven (22 *® and

A promising strategy to address these challenges involves
bringing TiO, in close contact with plasmonic metal nano-
particles (NPs), such as gold (Au).°™"" Au NPs broaden the
solar-spectrum absorption of TiO, through their localized
surface plasmon resonance (LSPR) in the visible light
region.'>"? Additionally, the metal NPs can act as electron
sinks to limit charge recombination.'*"*

Further improvement of the photocatalytic properties of
TiO,-based materials can be achieved by organizing them in
highly ordered three-dimensional photonic structures, known
as inverse opals (10s)."®"” These macroporous materials
possess large surface areas and interconnected porosity, which
minimize mass transfer limitations, while the regularity of the
pore structure provides advantageous optical properties.'®"?
Specifically, the pore size and periodicity of IOs can be tuned
to confine light of specific wavelengths within the material,
thereby amplifying light-matter interactions and light absorp-
tion (i.e., slow light effect).>>*!

It is anticipated that introducing Au NPs in a TiO, IO struc-
ture will lead to photocatalysts with enhanced light absorption
in the visible range of the spectrum and improved mass trans-
port characteristics. The proximity of Au NPs to TiO, influ-
ences both the LSPR and charge transfer,”>>* and thus likely
the photocatalytic performance. Hence, achieving control over
Au NP placement in the TiO, IO structure is critical in under-
standing how the NP embedding affects photocatalytic
efficiency. In this work, we present a co-assembly strategy to
precisely localize the Au NPs either on or inside the TiO, IO
matrix and evaluate the effect of NP placement on the result-
ing catalytic activity and NP stability using the photocatalytic
degradation of methylene blue as our probe reaction.

Results

Synthesis of the Au/TiO, inverse opal films

We adapted our evaporation-induced co-assembly strategy”®>’

to prepare TiO, IO films with Au NPs either localized on (Au/
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TiO,-on) or inside (Au/TiO,-in) the TiO, IO matrix. A co-assem-
bly strategy was purposefully chosen over conventional
methods based on sol-gel infiltration to minimize crack for-
mation and the associated deterioration of optical properties
of the IO films.”® The Au/TiO,-on preparation comprised a
two-component assembly process followed by NP infiltration,
whereas the Au/TiO,-in consisted of a three-component
assembly.

More specifically, the Au/TiO,-on IO film was prepared
through co-assembly of sacrificial polystyrene (PS) templating
colloids (250 + 5.0 nm in diameter) and TiO, nanocrystals
(10-35 nm in diameter) (Fig. 1a). Subsequent calcination at
500 °C removed the templating colloids, yielding a highly
ordered, three-dimensional macroporous TiO, [0 film
(Fig. S11).%° The TiO, IO film was then vertically immersed in
an aqueous dispersion of polyvinylpyrrolidone (PVP)-capped
Au NPs (5 nm in diameter) and left to evaporate to dryness to
drive deposition of Au NP within the macroporous network
onto the surfaces of the TiO, IO film.>””*° An annealing step at
140 °C was performed to remove any residual water and
improve Au NP adhesion on the walls of the IO matrix. We
remark that the presence of residual PVP ligands was still
detected in the film after annealing, but that their presence
had no appreciable impact on photocatalytic activity by prepar-
ing a control film in which all the PVP ligands had been
removed completely by calcination at 500 °C (Fig. S21). The
PVP-capped Au NPs were prepared via ligand exchange of
citrate-capped Au NPs of the same NP size,"**° and the ligand
exchange was evident from the slight red-shift in the UV-Vis
absorption spectra in Fig. S3.13! We utilized PVP-capped Au
NPs, instead of citrate-capped NPs, as the use of latter resulted
in noticeable NP sintering during the NP deposition
(Fig. S4at), possibly due to the relatively weak binding of
citrate ligands onto the Au NP surface.*”** Due to their rela-
tively weak binding affinity, citrate ligands may have detached
from the Au NP surface, leading to NP aggregation.

a Two-component co-assembly (Au/TiO,-on)
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The Au/TiO,-in IO film was prepared through co-assembly
of the same polystyrene (PS) templating colloids and TiO,
nanocrystals, but now in the presence of 5 nm citrate-capped
Au NPs (Fig. 1b). The colloidal crystal film was similarly cal-
cined to remove the templating colloids, with Au NPs now
located in the TiO, IO matrix. Note that PVP-capped Au NPs
were not used in the preparation of Au/TiO,-in, as we have
empirically found that the bulkier PVP ligands disrupted the
macroscopic order of the IO films during co-assembly
(Fig. S4bt). We emphasize the importance of using negatively
charged citrate-capped Au NPs that electrostatically repel both
the negatively charged PS colloids (—47 + 0.4 mV) and the
negatively charged TiO, nanocrystals (—30.4 + 1.2 mV), thereby
providing sufficient colloidal stability for controlled self-
assembly into an ordered IO film. We aimed to prepare Au/
TiO, IO films with 2 and 5 wt% Au. The actual Au loading in
the Au/TiO,-in and -on films was determined by immersing
each film separately in aqua regia for 48 h, followed by quanti-
fying the amount of dissolved Au using inductively coupled
plasma-mass spectrometry (ICP-MS). The ICP-MS results in
Table 1 show close agreement between the expected and ICP-
determined Au loading for the Au/TiO,-on sample. However,
for the Au/TiO,-in sample, only about half of the Au loading
that was used during the synthesis, was detected. Since the
TiO, remains porous after calcination at 500 °C, all Au NPs in
the Au/TiO, IO films are most likely chemically accessible for

Table 1 Quantification of the Au loading in the Au/TiO, 1O films by
ICP-MS elemental analysis after aqua regia digestion

Sample Expected Au loading (wt%) Measured Au loading (wt%)
Au/TiO,-on 2.0 2.0

5.0 5.3
Au/TiO,-in 2.0 0.8

5.0 3.2

i b Three-component co-assembly (Au/TiO,-in)

Fig. 1 Schematic illustration of Au/TiO, IO film synthesis in which Au NPs are placed either (a) on the TiO, surface via a two-component co-assem-
bly approach, or (b) in the TiO, matrix via a three-component co-assembly approach.
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digestion by aqua regia, and should therefore be detected. The
lower Au weight loading in the Au/TiO,-in films is therefore
likely due to partial deposition of Au NPs on the walls of the
glass vial used during the evaporation-induced three-com-
ponent co-assembly, resulting in a lower Au content in the Au/
TiO,-in film.

Scanning electron microscopy (SEM) images of the 3 wt%
Au/TiO,-in and 5 wt% Au/TiO,-on film confirm that the Au NP
placement did not affect the overall macroscopic morphology
of the TiO, IO films (Fig. 2a and b). However, the Au NP size
distribution was somewhat affected by the synthetic method
(Fig. 2c). Whereas the NP size was largely preserved for Au/
TiO,-on (4.9 + 1.0 nm), some NP sintering was recorded for
Au/TiO,-in (6.6 + 1.7 nm). The broader NP size distribution of
Au/TiO,-in was induced during the 500 °C calcination step,
noting that for the Au/TiO,-on sample this step was performed
before Au NP addition (Fig. 1). To check this, we performed
the same calcination step on the as-prepared Au/TiO,-on film
and indeed observed severe NP sintering with NPs exceeding
20 nm in diameter (Fig. S4ct), compared to a much smaller
increase in size from 4.9 + 1.0 nm to 6.6 + 1.7 nm using the
three-component assembly strategy (Fig. 2c). We thus conclude
that the NPs on the TiO, matrix in the Au/TiO,-on film were
considerably less resistant to high temperature sintering than
the NPs inside the TiO, matrix in the Au/TiO,-in film.

We employed electron tomography to visualize the place-
ment of Au NP in the 3 wt% Au/TiO,-in and 5 wt% Au/TiO,-on
sample. The tilt series and full 3D reconstruction for both
samples can be viewed in Movies S1 and S2.} The snapshots of
the tomographic reconstruction, as shown in Fig. 3 confirm
that well-dispersed NPs are located in the macropores on top
of the TiO, surface for the Au/TiO,-on film (Fig. 3a). For the
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Fig. 2 Structural characterization of Au/TiO, IO films. SEM images of
5 wt% (a) Au/TiO,-on and 3 wt% (b) Au/TiO,-in. Au NPs are shown as
bright white spots. Inset schematically depicts the expected Au NP pla-
cement in the TiO, IO film. (c) Au NP size distribution in Au/TiO, 10
films, as determined from their SEM images (n = 150). Dashed lines indi-
cate the mean NP size. Au/TiO,-in results are shown in red, Au/TiO,-on
results are shown in blue.
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Fig. 3 3D analysis of the NP placement using electron tomography. XY-
slices taken from the 3D reconstruction showing the interior of the
5 wt% (a) Au/TiOz-on and 3 wt% (c) Au/TiO,-in 1O films and the corres-
ponding 3D XYZ views in (b and d). Au NPs are shown as bright white
spots in (a and c¢) and dark spots in (b and d). The green circles in (c) indi-
cate embedded Au NPs.

Au/TiO,-in film, the NPs are no longer exclusively located at
the surface, but also within the TiO, matrix, indicating NP
embedding as expected (Fig. 3c). The embedding of NPs was
also observed in the 1 wt% Au/TiO,-in film (Fig. S51) and is
likely independent of Au NP loading.

Photocatalytic performance of the Au/TiO, inverse opal films

The effect of NP placement in the Au/TiO, IO films was evalu-
ated using the photocatalytic degradation of methylene blue
(MB) as a probe reaction. Upon light irradiation of TiO, films,
the photogenerated electron-hole pairs form reactive radical
species, such as "OH and "O,7, that react with MB resulting in
photodecomposition into colorless compounds.***> The reac-
tion kinetics of MB degradation can therefore easily be tracked
with UV-vis spectroscopy. To account for MB adsorption on the
TiO, IO surface, which decreases the MB concentration (by
non-photocatalytic means),>® we quantified this adsorption
effect by immersing the IO films individually in the MB solu-
tion in the absence of light until a stable absorption was
achieved to indicate MB saturation (Fig. S6t). The adsorption
effect was determined to be approximately 10% and 20% of
the initial MB concentration for TiO, and Au/TiO, (-in and -on)
IO films, respectively, in line with literature.*® All subsequent
data shown have been corrected for this adsorption effect and
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thus, any decrease in MB concentration after correction can be
directly attributed to photodegradation.

We compared the MB photodegradation efficiency of
Au/TiO,-in and Au-TiO,-on films. For completeness, we also
tested a control TiO, IO film without Au NPs, and a blank
mixture containing only MB to account for any self-decompo-
sition of MB.* Fig. 4a indicates that the rate of MB photode-
gradation increased appreciably with the use of Au/TiO, IO
films, with the Au/TiO,-on films exhibiting the highest absol-
ute photocatalytic activity. Interestingly, the photocatalytic
activity did not scale linearly with metal loading (Fig. 4c). The
Au/TiO,-in film exhibited a 1.2-fold increase in the first-order
rate constant from 2.4 to 2.9 x 10~* s™' when increasing the
weight loading from 1 to 3 wt%. Contrarily, the first-order rate
constant decreased from 3.8 to 3.5 x 10”* s™! when increasing
the weight loading from 2 to 5 wt% for the Au/TiO,-on film.
ICP-MS analysis of the used Au/TiO, IO films revealed that this
is likely due to NP leaching (Table 2). For the Au/TiO,-on IO
films, severe NP leaching occurred: 65 and 86% of the NPs
leached from the 2 and 5 wt% Au/TiO,-on IO films, respect-
ively. For the Au/TiO,-in samples, NP leaching was less pro-
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Fig. 4 Photocatalytic degradation of 15 uM MB under light illumination
(200-2500 nm). (a) Fraction of MB concentration remaining in the reac-
tion solution (C/Cy) as a function of time. (b) MB decomposition kinetics
expressed as —In(C/Cy) over reaction time, and (c) the correspondingly

derived first-order rate constants.

Table 2 ICP-MS analysis of the used Au/TiO; IO films to assess the Au
leaching from the Au/TiO; IO films during catalysis

Experimentally measured Leached

Sample Au loading after catalysis (Wt%) Au NPs (%)
2 wt% Au/TiO,-on 0.7 65%
5 wt% Au/TiO,-on 0.7 86%
1 wt% Au/TiO,-in 0.6 25%
3 wt% Au/TiO,-in 1.8 44%
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nounced: 25 and 44% NP leaching for the 1 and 3 wt% Au/
TiO,-in films, respectively. The linear first-order kinetic plot of
—In(C/C,) over reaction time in Fig. 4b suggests that the
majority of NP leaching occurred directly at the start of the
photocatalytic test upon immersing the IO film into the MB
solution. This implies that the 2 and 5 wt% Au/TiO,-on films
contained a similar Au weight loading during the photo-
catalytic evaluation, which explains the lack of improvement in
photoactivity with Au loading. Our results emphasize the
importance of NP embedding within the TiO, matrix to reduce
NP leaching during liquid phase photocatalysis. The cycling
stability tests in Fig. S81 further confirm that the Au/TiO,-in
film exhibit a higher catalytic cycling stability as compared to
the Au/TiO,-on film. ICP-MS analysis in Table S1t indicates
that the lower cycling stability of Au/TiO,-on is correlated to
increased Au NP leaching with repeated photocatalytic test
cycles. We performed these photocatalytic cycling tests using
Au/TiO, films prepared at a reduced Au loading to verify that
the Au/TiO,-on films are intrinsically more active, but less
stable than the Au/TiO,-in films, and that these differences
remain valid at different NP loadings. Our observations are
consistent with our previous findings in related thermocataly-
tic gas- and liquid phase evaluation where NP embedding
within the support matrix substantially increased the catalyst
stability = and  consequently, the overall catalytic
performance.’”™*?

Discussion

The Au/TiO, IO films studied in this work exhibited enhanced
photocatalytic activity in the photodegradation of MB with
respect to TiO, IO films, in line with literature.?®*37
Interestingly, when comparing the rate constants of our 1 wt%
Au/TiO,-in and 2 wt% Au/TiO,-on IO films (k = 2.4 and 3.8 x
107* 57", respectively, Fig. 4c) to previously reported dye degra-
dation studies using Au-loaded TiO, with similar NP size,
loading and light illumination conditions,****™** we find that
the 10 films in this work were more active. Although direct
comparisons between different photocatalytic studies are
inherently complicated by differences in the photocatalytic
conditions, the photocatalytic dye degradation rate constants
from literature (k = 0.5 to 1.6 x 10~* s7') were substantially
lower than those of all four Au/TiO, IO films in this work (k =
2.4 to 3.8 x 107* s7"). The photocatalytic enhancement of the
three-dimensional ordered IO structure (such as in this work),
compared to the non-ordered TiO, structures in
literature,*®**** could be attributed to the distinctive photonic
properties (e.g. slow light effect) and large surface area of the
10s."®?! Chen et al. previously demonstrated that disordered
TiO, IO films still outperformed conventional, non-ordered
TiO, supported catalysts.”” Even when inducing significant
disorder in the macropore structure by substituting 40% of the
PS spheres with guest spheres that were 1.2 times larger, 50%
of the photocatalytic enhancement in MB degradation was still
retained. Their work indicates that the effect of partial dis-

This journal is © The Royal Society of Chemistry 2024
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order in the macroscopic structure of TiO, IOs has relatively
little impact on the photocatalytic activity.

Our study demonstrates that the degree of NP leaching
from the Au/TiO, IO films depends on the NP placement. Even
though the Au/TiO,-on films exhibited a higher absolute
photocatalytic activity compared to the Au/TiO,-in films,
further enhancement in activity was difficult to attain due to
more severe NP leaching with increasing Au weight loading
(Fig. 4, Table 2). Such leaching can, in part, be mitigated by
partially embedding the NPs in the TiO, matrix as we show for
the Au/TiO,-in IO films. These results therefore demonstrate
that the Au/TiO, embedding is an important parameter in
tuning the NP stability in Au/TiO, systems, and that NP place-
ment is an important parameter in controlling this.
Additionally, our results show that the embedding also
impacts the photocatalytic activity, as the activity of the Au/
TiO,-in films is lower than the Au/TiO,-on films. This could be
due to reduced light absorption by embedded Au NPs
(Fig. S77), more limited mass transport to- and from the Au
NPs in the TiO, matrix, and/or the larger average NP size in
the Au/TiO,-in films (Fig. 2c).*® In particular, the transfer of
photogenerated electrons from the NP to TiO, upon plasmon-
induced light absorption has been proposed to explain visible-
light photoactivity of Au-decorated TiO, photocatalysts.*®*?
The co-assembly strategy can further be exploited to develop
NP IO films with an optimized NP embedding to achieve a
combination of high photocatalytic activity and high resistance
against leaching.

In this proof of concept study, IO films were prepared on
small Si wafer substrates. We remark that our co-assembly
strategy allows flexibility both in the size and morphology of
the substrates onto which the IO films are assembled, which
enables easy scaling to assemble 10 films on larger substrates.
Additionally, we have previously demonstrated that the evapor-
ation-induced co-assembly approach can be applied to produ-
cing 3D catalyst powders in bulk (x~1 g scale batches).?”*°
When scaling up, adjustments to the solvent evaporation rate
and concentration of the building blocks are typically necess-
ary to maintain the high quality and crack-free 10 structure.>®

Future directions lie in the synthetic development of more
complex multi-component IO systems, and in applying the 10
films to a broader range of photocatalytic applications. For
instance, the co-assembly approach can be applied to embed
semiconductor quantum dots (e.g., CdS) in a variety of sup-
ports built from colloidal nanocrystals such as TiO, in this
work, but also indium-tin-oxide (ITO), CuO, perovskite, and
other photoresponsive nanocrystals.’** The NP embedding is
expected to alter the band structure at these semiconductor—
semiconductor junctions and find applications in solid-state
photovoltalics.”® Separately, we anticipate that our colloidal co-
assembly strategy can easily incorporate nanocrystals of
different shapes,> facets®® and crystalline structure’ in its
assembly to further augment photocatalytic performance.
Additionally, the sizes of the PS templating colloids, TiO, NCs
and Au NPs can easily be tuned, as their syntheses are
decoupled from the preparation of IO films. For instance, the

This journal is © The Royal Society of Chemistry 2024
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size of the Au NPs can be tuned to optimize the size-dependent
photocatalytic activity of Au NPs.*"**® However, we emphasize
that the size of the TiO, NCs and Au NPs should be substantially
smaller than the size of the PS colloids to maintain a homo-
geneous dispersion throughout the evaporation-induced co-
assembly and to avoid a disordered packing of the PS colloids.*®
Finally, we expect that our multi-component co-assembly strat-
egy can be applied in a wider range of photocatalytic appli-
cations, such as pollutant removal,*>® H, production,’”*® and

CO, reduction,’”” but also in other related fields of
optoelectronics,®®®* photovoltaics,**** and (bio)sensors.>>**
Conclusion

This work presents an evaporation-induced multi-component
co-assembly strategy to tune the placement of Au NPs either
on or in TiO, inverse opal films, which was verified using elec-
tron tomography. The highly ordered and macroporous inverse
opal structure was preserved when incorporating Au NPs in
these Au/TiO, inverse opal films. Photocatalytic evaluation
using methylene blue degradation demonstrated that a higher
absolute photocatalytic activity was obtained when Au NPs
were deposited on the TiO, matrix. However, such films were
more prone to both NP sintering during high temperature
treatments, and to NP leaching during photocatalysis. In con-
trast, films prepared with Au NPs embedded inside the TiO,
matrix exhibited improved thermal stability, and less metal
leaching during liquid phase photocatalysis. Altogether, this
study presents versatile co-assembly synthetic strategies to stra-
tegically control the placement of NPs in inverse opal struc-
tures for photochemical conversions.
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