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Nanoparticle-based aerogels are 3-dimensional (3D) assemblies of macroscopic size that maintain the intrinsic
properties of the initial nanoparticles. Accordingly, they bear immense potential to become an emerging platform for designing new and eﬃcient photocatalysts. However, to take full advantage of this strategy, understanding of the multiscale processes occurring in such 3D-architectures is essential. Here, we prepared aerogels
by co-assembling spherical Au, Pd, and PdAu with TiO2 nanoparticles and investigated their photocatalytic
properties for hydrogen generation. During gelation, the anatase nanoparticles undergo oriented attachment,
homogeneously entrapping the metal nanoparticles in the growing network. The aerogels oﬀer a high porosity
with a mean pore size of ca. 34 nm and a large surface area of about 450 m2 g−1. The porous structure enhances
the light-harvesting, reagent transport, and electron migration process, generating 3.5-fold more hydrogen in
comparison to the corresponding powders.

1. Introduction
Heterogeneous photocatalysis is one of the most active research
ﬁelds due to its potential for environmental applications and energy
conversion reactions such as hydrogen production, which is considered
the clean energy vector of the future. Photocatalysis oﬀers an excellent
opportunity to generate hydrogen in an environmentally friendly, affordable, and renewable way through the splitting of water or biomassderived compounds. [1–6] The development of eﬃcient photocatalysts
is a signiﬁcant challenge in the ﬁeld.
In the photocatalytic process, a ﬂux of photons is absorbed by a
semiconductor inducing the formation of electron-hole pairs (chargecarriers) in the material. The charge carriers separate from each other
and migrate to the catalytically active sites at the semiconductor/liquid
interface where they drive chemical transformation. The holes and
electrons participate in the oxidation and reduction reactions, respectively. [7]
It is important to note that most of the semiconductors of interest for
hydrogen generation cannot perform all the steps eﬃciently, resulting
in low H2 production rates. [4,8] For instance, TiO2 alone exhibits poor
catalytic activity to perform the hydrogen-evolution half-reaction.
However, the intrinsic limitation of semiconductors can be addressed

⁎

by combining the properties of diverse materials, that is, preparing
composite photocatalysts. [7,9–13] The tailored properties of this class
of photocatalysts can enhance their ability to absorb UV–vis photons,
extend the charge-carrier lifetimes, modulate their redox capability,
and provide chemically active sites for the chemical reactions with low
activation barriers.
While composite photocatalysts can alleviate the intrinsic limitations of the semiconductors, the performance of the composites depends
on their composition as well as on the crystallinity, the size, and the
shape of their particles. [14–17] Poor control of these features decreases the eﬃciency of the photocatalytic process. To give an illustration, low crystallinity decreases the charge mobility favoring the
electron-hole recombination. Therefore, the composite photocatalysts
must have an appropriate composition, high crystallinity, small particle
size, and deﬁned particle shape to prevent signiﬁcant constraints on
their performance. However, controlling such properties in composite
photocatalysts is rather diﬃcult and turns even more challenging as the
number of components increases. [18]
Nanoparticle based-aerogels are fascinating three-dimensional
structures in the sense that they are of macroscopic size, but exhibit
size-dependent properties originating from their initial building blocks.
Pre-formed nanoparticles play the role of building blocks, through
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way. Finally, the wet powder was dispersed in 30 mL of deionized
water, resulting in a highly stable TiO2 dispersion with a concentration
of 90 g L−1.

which their controlled assembly gives rise to the 3D network of the
aerogels. Such an arrangement preserves the intrinsic properties of the
nanoparticles and confers to the aerogels a remarkable porosity and
large speciﬁc surface area, making them ideal for applications where
mass transport is essential, as is the case of photocatalytic H2 formation.
Most importantly, they oﬀer the unique opportunity to engineer multicomponent materials rationally through a careful selection and combination of diﬀerent types of building blocks, giving rise to collective or
synergetic properties not achievable otherwise. [19–23] Accordingly,
nanoparticle-based aerogels represent a powerful platform for designing eﬃcient photocatalysts. The incursion of these promising
structures as photocatalysts is relatively recent. The assembly of composite aerogels using semiconductor nanoparticles of photocatalytic
interest (i.e., TiO2, WOx, CdS, and In2S3) as building blocks has been
reported. [24–29] Also, Au or Pt metal nanoparticles have been co-assembled with semiconductors [28,29]. Nevertheless, most of the reports
evaluated the photocatalytic performance of aerogels in the degradation of organic pollutants in an aqueous medium, which represents a
severe limitation to evaluate the beneﬁts related to the 3D structure of
the aerogels, because the monolithic structures disintegrate upon contact with liquids. By performing gas-phase CO2 photoreduction over AuTiO2 aerogels, we recently demonstrated that nanoparticle-based
aerogels are suitable for gas-phase reactions because, in this medium,
their monolithic body remains intact. [25]
In this work, we investigate the photocatalytic properties of metalcontaining TiO2 aerogel monoliths for the gas-phase H2 evolution using
methanol as a sacriﬁcial agent. Pd, Au, and PdAu are the nanoparticles
co-assembled with TiO2. This research pursues to expand the knowledge of nanoparticle-based aerogels as photocatalysts. In particular, we
performed a time-resolved microwave conductivity (TRMC) analysis for
studying the charge-carrier dynamics in the aerogels. Together with the
charge-carrier analysis, the photocatalytic H2 evolution reaction using a
solar simulator and UV-LEDs as light sources oﬀers a deep understanding of the inﬂuence of both the aerogel 3D structure and the type
of metal nanoparticle on the overall photocatalytic activity of the
aerogels. Also, the impact of the porous network on the light-harvesting
and the H2 formation kinetics was investigated. Finally, we show the
importance of the removal of organic residues from the aerogels before
using them in the reaction.

2.3. In-situ synthesis of metal nanoparticles
Monometallic (Au and Pd) and bimetallic (PdAu) nanoparticles
were directly synthesized in the TiO2 dispersion. The metal loading in
the three aerogels was ﬁxed at 0.5 wt%. Typically, 6 mL of TiO2 dispersion were added to each of the three vials. Then, the metal precursors were incorporated into the dispersion. For the gold nanoparticles, 5.2 mL of HAuCl4·3H2O (2.75 mM) in ethanol were added to
one of the three vials. In the case of the Pd nanoparticles, 8.6 mg of
K2PdCl4 were directly dissolved into the dispersion followed by the
addition of 5.2 mL of ethanol. For the bimetallic particles, 3 mg of Pd
precursor were dissolved in the dispersion. After complete dissolution,
5.2 mL of HAuCl4 (1.77 mM) were added. The three vials were capped,
stirred for 15 min and degassed with N2. The metal ions were reduced
by injecting quickly 0.8 mL of NaBH4 ethanolic solution to the vigorously stirred dispersions. The concentrations of the injected NaBH4
solutions were 45, 83, and 57 mM for Au, Pd, and PdAu, respectively.
The dispersions were kept under stirring for 30 min.
2.4. Aerogel preparation
Three mL of the as-synthesized metal-loaded TiO2 dispersion were
transferred to a 10 mL syringe, which was cut open and closed with a
plastic cap (Scheme 1). Subsequently, the dispersion was irradiated for
12 min with a Newport solar simulator equipped with a 300 W Xe lamp
operated at 266 W to induce its gelation. The obtained gel was immediately immersed into 10 ml of a water/ethanol/acetone = 10/20/
70 v/v mixture. The solvent exchange was carried out in three steps:
one using a water/ethanol/acetone = 5/15/80 v/v mixture, and two
more using dry acetone. The time between each solvent exchange was
six hours. Subsequently, the gels were introduced in a Quorum SCPD
E3100 supercritical drier, which was set at 10 °C. The vessel containing
the gels was ﬁlled with liquid CO2. To exchange the acetone in the
pores of the gels to liquid CO2, part of the CO2 was evacuated from the
vessel taking care to keep the gels always immersed to avoid the formation of cracks in the monoliths. The empty volume was ﬁlled again
with liquid CO2. This procedure was repeated every ﬁfteen minutes for
one hour. Afterward, the temperature was raised to 40 °C to reach supercritical conditions, which were kept during one hour. Finally, the
system was depressurized slowly, resulting in aerogel monoliths with
minimal shrinkage. The aerogels were labeled as Au-TiO2, Pd-TiO2, and
PdAu-TiO2 referring to the dispersion from which they were formed.

2. Experimental part
2.1. Chemicals
Titanium (IV) tetrachloride (99.9 % trace metals basis), benzyl alcohol (puriss., 99–100.5 % (GC)), 2-amino-2-(hydroxymethyl)-1,3propanediol (Trizma® base, puriss., ≥ 99.7 %), chloroform (≥ 99.8 %),
diethyl ether (for HPLC, ≥ 99.9 %, inhibitor-free), ethanol (absolute),
methanol (analytic grade), potassium tetrachloropalladate (II) (98 %),
and acetone (for HPLC ≥ 99.8 %) were purchased from Sigma-Aldrich.
Gold (III) chloride trihydrate (99 %) was purchased from Acros. Sodium
borohydride was purchased from VWR chemicals. Liquid carbon dioxide (≥ 99 %) and argon (99.999 %) were provided by PanGas AG,
Switzerland. All chemicals were used as received without further puriﬁcation.

2.5. Characterization
Scanning electron microscopy (SEM) images were recorded on a
Zeiss Leo-1530. Prior to SEM analysis, the samples were coated with
6 nm Pt. Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) in both TEM and scanning
(STEM) modes were performed on a FEI Talos F 200X operated at
200 kV. STEM analyses were carried out with a high angle annular dark
ﬁeld detector (HAADF STEM) and were accompanied by high-resolution energy dispersive spectroscopy (EDS) using the SuperX integrated
EDS-system with four silicon drift detectors (SDDs). The EDS-STEM
analyses were performed with a probe size of 0.5 nm. The speciﬁc
surface area was determined via the Brunauer-Emmett-Teller (BET)
method on a Quantachrome Autosorb iQ. The pore size and pore volume were determined by a density functional theory (DFT) analysis
using a Non Local DFT (NLDFT) calculation model for nitrogen at 77 K
assuming cylindrical pores in silica. Prior to gas sorption analyses, the
samples were outgassed at 100 °C for at least 24 h on a Quantachrome
Autosorb iQ. The amount of metal was determined after catalysts

2.2. Preparation of TiO2 dispersion
414 mg of trizma were dissolved in 90 mL of benzyl alcohol by
heating to 80 °C for 15 min in a beaker on a hot plate. [30] After cooling
to room temperature, 4.8 mL of TiCl4 were added under vigorous stirring. The solution was heated again to 80 °C and stirred for 24 h. After
such time, a white dispersion was obtained, which was centrifuged to
collect the TiO2 nanoparticles. The precipitate was washed with 30 mL
of chloroform three times by dispersion-centrifugation cycles. Afterward, the nanoparticles were washed with diethyl ether in the same
2
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Scheme 1. The methodology steps of the
aerogel preparation were as follows: (a) TiO2
dispersion preparation, (b) addition of metal
precursor to TiO2 dispersion, (c) removal of O2
by bubbling N2 gas into the dispersion, (d)
metal ions reduction by fast addition of NaBH4
under vigorous stirring, (e) gelation induced by
light irradiation, (f) progressive exchange of
the aqueous pore liquid to acetone, and (g)
CO2 supercritical drying of the gel. The bottom
picture shows the aerogel monoliths with the
three diﬀerent metal nanoparticles.

solar simulator (speciﬁcations in 2.4 section) adjusted to 100 mW cm-2
or 2) two Thorlabs mounted high-power Light Emitting Diodes (LEDs)
located at opposite sides of the cell at one cm away. The selected wavelengths of the LEDs were 375, 430, and 530 nm. The H2 generation
was analyzed by a GC-TCD taking automatically a sample every 5 min.
The H2 production rates were calculated from the H2 concentration
obtained at 5 h.
The aerogels as powders were also evaluated. In this case, the
monoliths were crushed in a mortar and placed in the cell. Two 375 nm
LEDs were used to illuminate the cell from the top at one cm away to
ensure that all the powder was illuminated. The rest of the experimental
conditions were the same as mentioned above.

digestion in diluted aqua regia (2 %) using inductively coupled plasma‐mass spectrometry (ICP‐MS) on an Agilent 7900. Powder X-ray
diﬀraction (XRD) measurements were performed on a PANalytical
Empyrean equipped with a PIXcel 1D detector and Cu Kα X-ray irradiation. UV–vis diﬀuse reﬂectance spectra (DRS) of the powdered
aerogels were recorded in the region of 200–800 nm using a JASCO V770 spectrophotometer. The ﬂux of photons that crossed the monolith
were calculated by measuring the LEDs power just after the aerogels
using a thermal power sensor (5 W, Thorlabs) connected to an optical
power and energy meter console (PM400, Thorlabs), detailed information is given in the Supporting Information. Fourier transform
infrared (FT-IR) spectra recorded under atmospheric conditions were
acquired on a Bruker Vertex 70 spectrometer equipped with a mid-infrared source. FT-IR spectra recorded in O2/H2O-free glovebox were
acquired on a Bruker FT-IR Alpha spectrometer equipped with a SiC
global source, a RockSolid interferometer and a DTGS detector. The
charge-carrier lifetime in the aerogels was studied by time-resolved
microwave conductivity (TRMC) method. For the TRMC measurements,
the incident microwaves were generated by a GaAs gunn diode of the
Kα band at 30 GHz. A laser (EKSPLA, NT342B) tunable from 225 to
2000 nm and equipped with an optical parametric oscillator (OPO) was
used as a pulsed light source. It delivered 8-ns FWMH pulses with a
frequency of 10 Hz. The selected excitation wavelength was 360 nm
with a light energy density of 950 μ J cm−2. To minimize the noise, the
TRMC signal was obtained by averaging measurements during 200 laser
pulses. The fundamentals of this technique and how to analyse the
TRMC signal is summarized in the Supporting Information.

3. Results and discussion
3.1. Synthesis of the aerogels
For preparing metal-containing TiO2 aerogels, we synthesized a
stable dispersion of trizma-functionalized anatase nanoparticles following our well-established protocol. [24] However, in contrast to
previous reports, we synthesized the metal nanoparticles directly in the
dispersion of the anatase nanoparticles instead of combining two different dispersions (one of anatase and another of metal nanoparticles).
In the direct synthesis methodology, the anionic complex of the metals
( AuCl4− and PdCl42 −) are electrostatically adsorbed on the surface of
TiO2 nanoparticles, which are stabilized by the positive charge of amine
groups. [31] In this way, the metal precursors are homogeneously
distributed resulting in many nucleation sites that give rise to small
metal nanoparticles after the addition of the reducing agent. The nucleation of the metal particles provoked an instantaneous change of
color of the dispersions but did not aﬀect its stability (Fig. S1a) suggesting that the concentrated TiO2 dispersion suppresses the coalescence of metal nanoparticles. By contrast, when metal nanoparticles are
synthesized without the presence of TiO2 nanoparticles, the metal
particles sedimented once the stirring stopped (Fig. S1b) due to the
missing stabilizing eﬀect of TiO2.
The synthesis conditions were the same for all three metal compositions (Au, Pd, and PdAu), leading to the formation of nanoparticles
with nearly the same size and similar metal loading (Table S1). This is
important for allowing a reliable comparison of the eﬀect of the metal
nanoparticles on H2 formation. Scheme 1 shows an illustrative representation of the overall process for aerogel synthesis (top) with a
photograph of the obtained aerogel monoliths (bottom).

2.6. Photocatalytic activity test
The photocatalytic H2 evolution measurements were carried out in
the gas phase. The aerogel monolith was placed within a reaction cell
(quartz tube, 14 mm inner diameter) and ﬁxed by Teﬂon centeringrings and nitrile butadiene rubber (NBR) O-rings to ensure gas tightness. [25] An argon ﬂow of 5 mL min−1 was bubbled through a reservoir ﬁlled with a 50 vol.% methanol-water solution at room temperature. The outlet gas, argon saturated by methanol/water, was fed
into the reaction cell. The cell was thoroughly purged for 1−2 h in the
dark to eliminate oxygen. During purging, the gas mixture was monitored by a gas chromatograph with a thermal conductivity detector
(GC-TCD), which was connected to the outlet of the reaction cell. After
purging, the illumination source was turned on and kept for 5 h. The H2
evolution was evaluated under diﬀerent light sources: 1) a Newport
3
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Fig. 1. (a) Scanning electron microscopy (SEM) image of a TiO2 aerogel, revealing a porous disordered structure and (b) high-resolution transmission electron
microscopy (HRTEM) image of a PdAu-TiO2 aerogel, showing that oriented attachment of the TiO2 particles occurs along [001]. (c) Nitrogen gas sorption isotherm of
a TiO2 aerogel and its corresponding pore size distribution (inset).

identiﬁed by both measuring the lattice spacing and indexing the diffraction patterns. The lattice spacing of the crystal in Au-TiO2 (Fig. 2d)
is 0.23 nm, which agrees with the plane (111) of the Au crystals. In the
Pd-TiO2 sample (Fig. 2e), lattice spacing is 0.2 nm that corresponds to
the plane (102) of PdO indicating the oxidation of Pd nanoparticles,
which are sensitive to such a phenomenon. The nanoparticles in PdAuTiO2 exhibit fringes with inter-plane spacing of 0.29 nm, which can be
attributed to the (111) crystal plane of Pd50Au50 alloy (see Fig. 2f). The
elemental distribution maps of PdAu-TiO2 aerogels further support the
formation of an alloy structure, because the Pd and Au atoms are evenly
dispersed throughout the metal nanoparticles, as shown in Fig. 2j.

3.2. Structural and compositional characterization
We performed a full structural, morphological and compositional
characterization of the aerogels. According to X-ray diﬀraction (Fig.
S2), anatase TiO2 is the crystal phase that all the samples have in
common. The anatase crystal sizes are 3 nm as calculated from the
(101) reﬂection by the Scherrer equation. Compared with the rest of the
reﬂections, the (004) one is sharper as a result of the oriented attachment between the nanoparticles. [24] SEM reveals a highly porous, ﬁne
network with disordered porosity, as shown in Fig. 1a. We have previously reported that trizma-functionalized anatase nanoparticles undergo an oriented-attachment along the [001] direction. [24] Also, in
this work the characteristic attachment between anatase particles prevails (Fig. 1b), implying that the in-situ synthesis of metal nanoparticles
does not aﬀect the assembly process. We also carried out nitrogen
physisorption measurements to determine the porosity and the BET
speciﬁc surface area of the aerogels (Fig. 1c). All the samples exhibit a
type IV isotherm with H3-hysteresis loop attributed to an interconnected mesoporous system with a broad pore size distribution. The
pore size distribution plots conﬁrm the presence of a range of pores
extending from the meso to the macro regime with a mean pore size of
ca. 34 nm. The aerogels exhibit a large speciﬁc surface area of 390
m2 g−1 for bare TiO2 and an even higher one of around 450 m2 g−1 for
metal-loaded TiO2 aerogels. In general, a large surface area is a desirable feature for photocatalysts, because the redox reactions occur on
their surface.
To study the size and shape of the metal nanoparticles, we analyzed
the samples by STEM. Fig. 2a–c display the high angle annular darkﬁeld (HAADF) images of the three metal-containing TiO2 systems
showing that the method of synthesis leads to the formation of individual, isolated and quasi-spherical metal nanoparticles with a mean
size of 3.5 ± 1.3 nm, 4.9 ± 0.8 nm, and 3.7 ± 2 nm for PdAu-, Au-,
and Pd-TiO2 aerogels, respectively. The size distribution histograms are
presented in Fig. 2g–i. HRTEM analysis reveals that the nanoparticles
are crystalline (Fig. 2d–f). The crystal planes of the nanoparticles were

3.3. Photocatalytic properties characterization
3.3.1. Light absorption
Knowing the morphological and compositional characteristics of
our aerogels, we proceeded to study their photocatalytic properties.
Before such characterization, the aerogels were UV-irradiated under air
for 20 h to remove organic residues from their surface. The UV treatment is an essential step for the eﬃcient use of nanoparticle-based
aerogels as photocatalysts, as will be shown later in the evaluation of H2
generation. There are many sources of organics, during the synthesis of
the nanoparticles, their processing into stable dispersions or during the
aerogel preparation. Trizma is particularly challenging to remove.
According to infrared (IR) analysis, trizma residues remain on the
surface of the aerogels even after the aerogels were moderately heated
under vacuum (Fig. 3a, red). Calcination is not a viable way to get rid of
organics, because the heat treatment at high temperature leads to the
shrinkage of monoliths, reducing their surface area and porosity. On the
other hand, UV treatment allows minimizing the organic residues
without aﬀecting their structure. The IR spectrum of the UV treated
samples (Fig. 3a, black) reveals an attenuation of the peaks compared to
non-treated samples. CHN analysis (Table S2) conﬁrms that the organic
content decreases by approximately 50 % after UV treatment.
The photocatalytic process starts with the absorption of photons,
4
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Fig. 2. (a–c) HAADF images of Au-TiO2 (a), Pd-TiO2 (b) and PdAu-TiO2 (c) aerogels. (d–f) HRTEM images and corresponding selected area electron diﬀractograms
(inset) of Au-TiO2 (d), Pd-TiO2 (e) and PdAu-TiO2 (f). (g–i) Metal nanoparticle size distribution of the Au-TiO2 (g), Pd-TiO2 (h), and PdAu-TiO2 (i). (j) Elemental
distribution map of PdAu-TiO2 aerogels.

thickness in the range of micrometers that is four orders of magnitude
smaller than the size of our aerogels. To verify that the light indeed
diﬀuses through the macroscopic-sized monoliths, we measured the
number of photons (375 nm) that were irradiated onto a disc-shaped
anatase aerogel with a thickness of 5 mm. After that, we measured the
number of photons that left the aerogel. We found that approximately 6
% of the initial photons crossed the monolith and about 94 % of the
photons were trapped in the sample core. We decided to double the
thickness (10 mm) of the aerogel and repeated the experiment. In that
case, < 1 % of the photons left the monolith. This experiment showed
that the 375 nm photons could diﬀuse through the aerogel in a millimeter range. The probability of the photons to be absorbed by the
anatase nanoparticles is low because the energy of the photons
(375 nm) is close to the absorption onset of anatase. If the photons are
not absorbed, they are scattered diﬀusing through the pores until encountering other anatase particles. Thus, the porous network provides
the conditions to extend the pathways of the photons, increasing their
probability to be absorbed. Notably, most of the photons were absorbed
in the ﬁrst 5 mm.

and therefore, it is of paramount importance to study the optical response of the aerogels. According to DRS analysis (Fig. 3b), all the
samples exhibit an absorption edge around 390 nm, which is characteristic of anatase and corresponds to a band-gap energy of ca.
3.15 eV. Additionally, the samples absorb in the visible region. Bare
TiO2 shows an evident absorption up to 500 nm, suggesting the existence of defects. The Au-TiO2 sample shows the typical localized
surface-plasmon resonance (LSPR) of gold with a maximum absorption
peak at 540 nm. In the case of the PdAu sample, the LSPR of gold is
replaced by an intense and continuous absorption over the entire visible
region, suggesting that Pd and Au are intermixed in the PdAu nanoparticles, supporting our HRTEM and STEM analyses. The Pd-TiO2
spectrum displays a small hump located between 400 and 600 nm. As
was previously shown in our TEM analysis, Pd is in the form of PdO.
Therefore, such visible absorption can be ascribed to PdO nanoparticles, which have a band-gap of ca. 2.0 eV. [32,33]
In general, porous materials can enhance light-harvesting by increasing the light pathway through the network as it has been proven
on porous ﬁlms. [34,35] Nevertheless, the reported ﬁlms owned a
5
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Fig. 3. (a) FTIR spectra of the Pd-TiO2 aerogels before (red) and after (dark) UV treatment. (b) Diﬀuse reﬂectance spectra in absorbance mode of the aerogels. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article).

the faster the electrons and holes reach the surface, resulting in a high
density of free charge carriers on the semiconductor surface. The high
density of free charges favors their recombination if they do not react
with adsorbed molecules, as shown in Fig. S3. Therefore, the fast decay
indirectly indicates, in the case of bare TiO2, the presence of a large
number of charges on its surface. On the other hand, the TRMC signal of
the metal-containing aerogels (Fig. 4, colored) shows that the presence
of metal nanoparticles in the aerogels inﬂuences the charge-carrier
dynamics of the anatase. The metal nanoparticles provoke a lower Imax
and a faster decay, suggesting an electron injection from anatase to the
metal nanoparticles. According to our TRMC signal, more electrons are
transferred to Pd and Au rather than to PdAu nanoparticles. The electron injection to the metal nanoparticles keeps the electrons and holes
spatially separated from each other preventing their recombination.
[12,13]

3.3.2. Charge-carrier dynamics
Studying the charge-carrier dynamics in photocatalysts is of crucial
importance for a clear understanding of the photocatalytic activity of
the materials. We conducted TRMC measurements to investigate the
charge-carrier dynamics in anatase aerogels and how it is aﬀected by
the presence of metal nanoparticles. Fig. 4 shows the TRMC signals of
the aerogels. The maximum of the TRMC signals (Imax) corresponds to
the number of free electrons created in the semiconductor by the laser
pulse, while the signal decay refers to the electron lifetime. [36,37] The
TRMC signal of bare TiO2 exhibits a small Imax (50 mV) and a fast decay
(< 60 ns). Analogous TRMC proﬁles have been reported for small
anatase nanoparticles (< 13 nm) and attributed either to poor crystallinity or to the presence of electron traps. [38,39] Considering that the
XRD and HRTEM analysis indicated high crystallinity of the TiO2 nanoparticles, the low TRMC signal is presumably related to the electron
traps, which are discrete energy levels in the band gap introduced by
punctual or extended defects. [40,41] The time-scale for electron
trapping is typically in the order of hundreds of femtoseconds, and
consequently, these sub-nanosecond phenomena cannot be time-resolved by TRMC measurements, which have a response time of ca.
10 ns. [42] Nevertheless, the electron trapping deﬁnitely inﬂuences the
Imax value, decreasing it when the number of trapping sites increases.
Therefore, the low Imax value of our bare TiO2 aerogel can be explained
by the existence of abundant electron traps as a result of the high defect
concentration introduced by the grain boundaries between the nanoparticles building up the aerogel network. As discussed before, the existence of traps was also detected by DRS analysis. Regarding the fast
TRMC decay, it must be considered that the smaller the particle size,

3.4. Photocatalytic H2 production
We studied the photocatalytic activity of the aerogels in the gasphase H2 generation using methanol as a sacriﬁcial reagent. We performed the reaction over untreated and UV-treated aerogels to investigate whether the organics have a major impact on the photocatalytic activity. Fig. 5a and b summarize the H2 evolution rates of the
aerogels using a solar simulator and 375 nm-LEDs as light sources, respectively. The experiments revealed that the UV-treated samples were
substantially more active independently of the light source, underlying
the importance of removing the organic residues, which can diminish
the activity by blocking the surface-active sites on the aerogels.

Fig. 4. TRMC signals of bare and metal-containing TiO2 aerogels induced by 360 nm laser pulses (left: TiO2 and Au-TiO2, middle: TiO2 and PdAu-TiO2, right: TiO2
and PdTiO2).
6
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Fig. 5. Hydrogen evolution rates obtained using the untreated and UV treated aerogels as photocatalysts under (a) broadband light and (b) 375 nm monochromatic
light. (c) H2 evolution using Pd-TiO2 aerogels and their respective powders. (d) H2 evolution proﬁles of metal-loaded TiO2 aerogels obtained after 11 h of irradiation.

separation, thus reduce the recombination rate of charge carriers at the
anatase surface, as was shown by our TRMC analysis. Second, metal
nanoparticles provide catalytic sites over which the H2 formation occurs with lower activation barrier than on anatase. [12,13,48,49] The
analysis of the TRMC signals and H2 evolution measurements showed
that the catalytic function (providing catalytic sites) has a major impact
on the H2 evolution. The importance of the catalytic function is easy to
observe by comparing the results of Au- and PdAu-anatase aerogels.
According to TRMC analysis (Fig. 4), Au nanoparticles are more eﬃcient at preventing charge-carrier recombination than the PdAu ones.
Nevertheless, the gold nanoparticles are less eﬃcient H2 evolution
catalysts compared to PdAu, indicating that a high catalytic activity is
more important than lowering the recombination rate at the semiconductor surface.
In general, the photocatalysts containing plasmonic-metal nanoparticles (e.g. gold) interact with light through excitation of the LSPR,
which contributes to the performance of the photocatalysts. [50–52]
We observed the LSPR inﬂuence by irradiating the samples with different light sources. Under a monochromatic light (375 nm-LEDs) illumination, Pd-TiO2 was the most active, followed by PdAu-TiO2, and
ﬁnally Au-TiO2 (Fig. 5b). However, when a solar simulator was used as
a light source, the order changed. In this case, PdAu-TiO2 aerogels were
the most eﬃcient photocatalysts, followed by Pd-TiO2 and Au-TiO2
(Fig. 5a) demonstrating that visible wavelengths absorbed by LSPR also
contributes to the H2 formation. Generally speaking, there are two
mechanisms, through which the plasmonic metals can inﬂuence the
TiO2 photoactivity under visible illumination: (1) hot-electron transfer
and (2) near-ﬁeld electromagnetic mechanisms. [7,53,54] In the ﬁrst

The metal nanoparticles in the aerogels enhanced the photocatalytic
performance of anatase (Fig. 5a and b). The obtained rates for H2
generation are remarkably high, considering that the aerogels possess a
substantial density of defects due to the nanoparticle assembly as revealed by our TRMC analysis. For example, our Au-TiO2 aerogels exhibited an Imax of 17 mV that is ca. 8 times smaller than that reported
for 0.5 at.% Au-loaded P25 powders (151 mV). [12] Despite this difference, the H2 rate of the Au-TiO2 monoliths of 55 μmol g−1 h−1 was
only four times lower than that of the 0.5 at.% Au-loaded P25. Thus, the
high activity suggests that the observed defects in the aerogels might
belong to so-called shallow traps, which are known to favor the photocatalytic process. [43] The existence of shallow trap states in the
monoliths can also be supported by key theoretical studies available in
the literature that demonstrated that oriented attachment between
crystalline nanoparticles generates edge defects due to small misorientation at the interface. The edge defects are associated with
shallow traps. [41,44–46] Speciﬁcally, the shallow traps are energy
levels located slightly below the CB. The distance between the bottom
of CB and such traps is smaller than the thermal energy of electrons
(0.026 eV at 300 K). Therefore, the electrons in these shallow traps can
be thermally excited directly to the CB or ﬁrst be trapped in another
shallow trap, followed by excitation to the CB. [43,46] This electron
migration process is beneﬁcial for the photocatalytic process,
[43,46,47] as proposed in Scheme 2.
By varying the type of metal nanoparticles (Au, Pd, and PdAu) in the
anatase aerogels, the photocatalytic activity can easily be tuned (Fig. 5a
and b). In general, metal nanoparticles improve the activity of anatase
due to their double function. First, they increase the electron and hole
7
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Scheme 2. Representation of the electron migration process in the aerogel network.

the formation of H2 was due to the organic residues on the aerogels as
we conﬁrmed by carrying out control experiments in the absence of
water-methanol (Fig. S5) under Ar atmosphere. In those experiments,
organic residues are the only source of protons. The amount of H2
generated was lower in comparison to that obtained using methanolwater and decreased progressively throughout approximately 4 h.
Therefore, for the long-term stability analysis, it is better to consider
only the H2 production rates after 240 min after the illumination begins
to exclude any eﬀects from the organic residues. The analysis of the H2evolution proﬁles (Fig. 5d) shows a low deactivation (< 5 %) after 11 h
of reaction, indicating the high stability of the aerogels. After the reaction, no shrinkage or any other structural changes in the monoliths
were observed, explaining their highly stable performance.

mechanism, the plasmon-induced electrons in the metal nanoparticles
are transferred to the TiO2 conduction band. Thus, the reduction and
oxidation reactions are carried out on TiO2 and on the plasmonic metal
nanoparticles, respectively. [7,52,55] On the other hand, in the nearﬁeld electromagnetic mechanism, the plasmonic nanoparticles act as
light concentrators (hot spots) amplifying the light intensity, and ultimately increasing the electron-hole pair formation near to the metal
nanoparticles. The near-ﬁeld electromagnetic mechanism requires an
overlapping among the illumination source, LSPR of the metal nanoparticles, and the semiconductor absorbance. [7,53,56,57] To ﬁgure
out which mechanism inﬂuenced the photoactivity of Au-TiO2 and
PdAu-TiO2 aerogels under broadband illumination, we performed experiments using 530 nm-LEDs, which exclude the TiO2 photoexcitation
completely but excite the Au plasmon. If the electron transfer is the
mechanism, the formation of hydrogen should still occur. The results
showed that the aerogels were not active. No hydrogen formation was
observed discarding the electron transfer mechanism, indicating that
the near-ﬁeld electromagnetic mechanism governs the visible plasmonic response in Au-TiO2 and PdAu-TiO2 aerogels. To conﬁrm that the
near-ﬁeld electromagnetic mechanism causes an activity under visible
light, we measured the H2 evolution using 430 nm LEDs. At such wavelength, our TiO2 aerogels exhibit a small and abnormal absorption
due to the assembly of anatase nanoparticles covering the requirement
of the near-ﬁeld electromagnetic mechanism. We found that PdAu-TiO2
aerogels were more active than Pd-TiO2 aerogels (Fig. S4), conﬁrming
that plasmonic nanoparticles concentrate the photons that later are
used to excite anatase. Although the plasmonic nanoparticles mainly
increase the probability to form electron-hole pairs, the local heating
created by the LSPR can also favor the overall photocatalytic activity of
the aerogels. Such thermal energy can also accelerate the electron migration through shallow traps that are present in a large density in the
aerogel.
The porous monoliths provide all the properties to enhance mass
transport, which plays a crucial role in enhancing the H2 formation
kinetics. To prove the relevance of the porous structure of the aerogel
on their performance, we conducted the photocatalytic reaction over
powders obtained by crushing the aerogels. In this way, the porosity
was the only parameter that changed, while composition, particle size
and shape remained the same. The results (Fig. 5c) show that the
aerogels are approximately 3.5-fold more active than their corresponding powders, giving evidence for the importance of the porous
network enabling eﬃcient reactant mass transport to the surface-active
sites.
We carried out the photocatalytic reaction for 11 h to evaluate the
long-term stability of the aerogels. The H2 generation rate proﬁles
(Fig. 5d) show a fast decay during the ﬁrst 180 min of the reaction, and
after that, the H2 production rates are almost constant. The decrease in

4. Conclusions
We have demonstrated that nanoparticle-based aerogels are eﬃcient photocatalysts for H2 generation because of the synergetic eﬀect
between their building blocks and their 3D macroscopic structure.
Although the eﬃciency of the aerogels as photocatalysts depends largely on the building blocks that form their monolithic body, the macroscopic porous structures also contribute substantially to the overall
H2 production rates by enhancing the main steps of the photocatalytic
process. The porous network favors the light-harvesting. The light is
trapped in the monolith and diﬀuses over millimeter length scales, increasing its probability to be absorbed. Also, the porosity of the aerogels
enhances the H2 formation kinetics substantially because it promotes an
eﬃcient reagent (methanol/water in our case) mass transport. Beyond
enhancing the surface redox reaction kinetics, the structure of the
aerogels has a positive impact on the dynamics of the charge-carriers.
The inter-particle contact created during the nanoparticle assembly
leads to the formation of shallow-traps, which caused an absorption
around 400−500 nm that in combination with the LSPR of the gold
nanoparticles beneﬁted the H2 evolution through the near-ﬁeld electromagnetic mechanism. Additionally, the thermal energy from the
LSPR of the plasmonic particles accelerates the shallow-trap electron
migration process. Therefore, selecting plasmonic nanoparticles as one
of the building blocks of the multicomponent aerogels could be a promising strategy to enhance the photocatalytic performance of the nanoparticle-based aerogels under sunlight irradiation.
This work provides a better understanding of nanoparticle-based
aerogels as photocatalysts for gas-phase H2 production. The incursion of
such unique structures in the photocatalytic ﬁeld opens the future for
the rational design of multicomponent photocatalysts with high quality
and novel properties.
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