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ABSTRACT. Among the semiconductor nanomaterials, titanium dioxide is at the forefront of
heterogeneous photocatalysis, but its catalytic activity greatly suffers from the loss of
photoexcited charge carriers through deleterious recombination processes. Here, we investigate
the impact of an external electric field applied to conventional P25 TiO, nanopowder with or
without Au nanoparticles to circumvent this issue. The study of two redox reactions in gas phase,
water splitting and toluene degradation, reveals an enhancement of the photocatalytic activity
with rather modest electric fields of a few V/cm only. Such an improvement arises from the
electric field-induced quenching of the green emission in anatase, allowing the photoexcited
charge carriers to be transferred to the adsorbed reactants instead of pointless radiative
recombinations. Applying an external electric field across a trap-rich metal oxide material, such
as TiO,, which, when impregnated with Au nanoparticles, leads respectively to a twelve-fold and
six-fold enhancements in the production of hydrogen and the oxidation of toluene for an electric
field of 8 V/cm, without any electrolysis, is a simple and elegant strategy to meet higher

photocatalytic efficiencies.



INTRODUCTION

Since the discovery of the photochemical activity of titanium dioxide with various
organic solvents in 1956,' followed by the observation of an electrochemical photolysis of water
more than a decade later,” the interest of using TiO5 as a photocatalyst has grown steadily. Over
the years, TiO, nanoparticles have supplanted the bulk form of TiO; in photocatalysis because of
the higher density of photoexcited charge carriers and active sites at their surface. Being cheap,
abundant, non-toxic, highly stable, while chemically active, this material has been widely
exploited in heterogenous catalysis to produce H,, reduce CO,, fix N, and decompose
9,10

pollutants.>® Hence, it is recognized as a benchmark semiconductor photocatalyst, in

. . 11-14
particular for gas phase reactions.

But it still faces with one major challenge. As a
semiconductor material, it is prone to absorb light and generate electron-hole pairs in return.
When both charge carriers are successful to reach the active sites of the TiO; surface, they can
activate chemicals. Unfortunately, like many metal oxide materials, TiO, suffers from a high
concentration of detrimental bulk point defects,"” resulting in useless recombinations with rates
faster than the time required to enable the reduction and oxidation of adsorbates at their

surface.'® Hence, the rapid recombination of the photogenerated electrons and holes strongly

limits the quantum efficiency of TiO; as a photocatalyst.

To circumvent this issue, several strategies have been devised. Most of them rely on
engineering specific structures in the photocatalyst to favor the separation of the photoexcited
charge carriers.'® For example, a photocatalyst containing two different phases of TiO,
nanocrystals, such as anatase and rutile with two different band gaps, is good at trapping
photogenerated electrons in the anatase nanocrystals, reducing the interaction between charge

carriers of opposite sign and thus enhancing the chemical conversion in comparison with a pure



TiO, phase.'” Similarly, the addition of noble metal nanoparticles to a photocatalyst consisting of
semiconductor nanocrystals yields an increased photocatalytic activity as these co-catalysts
scavenges the photoexcited electrons.'® Doping metal oxide semiconductor nanocrystals with
impurities allows the formation of defects, which trap one type of charge carriers, preventing
their fast recombination with charge carriers of opposite sign.'”*® Although all these strategies
have led to improved photocatalytic performances, the chemical conversion is limited and cannot

be further enhanced by increasing the amount of co-catalysts or the concentrations of impurities.

Electric polarization provides another route to increase the photoactivity of
semiconductor materials. It can be achieved by increasing their optical absorption through the
Franz-Keldysh effect, which requires electric fields of the order of 10* V/em. Or, in quantum
confined semiconductor materials, electric fields around 10° V/em or higher are able to
efficiently separate the charge carriers, the so-called Stark effect.>' > When the nanomaterials
host an internal persistent polarization, such as ferroelectric metal oxide semiconductors, the
charge carrier separation occurs for even smaller electric fields of 10* V/cm.** However, despite
the absence of a spontaneous electric polarization in TiO,, it turned out that applying electric
fields of 10> V/em to TiO, nanoparticles was successful to synthesize asymmetric Au-TiO,
hybrids based on bipolar electrochemistry under illumination.”> Moreover, similar electric field
strengths gave enhanced photoactivity to TiO; thin films and microspheres for the degradation or
removal of pollutants in solution.”®?’ These experiments point to a higher density of
photoexcited charge carriers available for reactions thanks to the application of an external
electric field (EEF). But these electric field strengths are much smaller than the ones required to
meet an increased absorption through the Franz-Keldysh effect, an efficient charge carrier

separation through the Stark effect or a self-cleaning process at the surface of TiO,, as



theoretically predicted.”® This discrepancy calls for a precise understanding of the actual EEF
yp pancy p g

role in TiO; photocatalysis to cleverly design the next generation of photocatalysts.

In contrast to these works performed in solution, we investigate the impact of a modest
in-plane electric field in gas phase reactions. Taking advantage of the use of mixed phases of
TiO, and co-catalysts to enhance chemical conversions, as described above, we show the
beneficial impact of an EEF for water splitting. The production of H, is found to linearly
increase with the EEF, to reach a twelve-fold enhancement at an electric field of 8V/cm. This
improvement results from the reduction of the radiative recombination process through trap
states in TiO,. It is evidenced by the quenching of the green emission in the anatase phase, hence
promoting the activation of the chemicals by the photoexcited electrons. As the same mechanism
accounts for the toluene oxidation in the gas phase, albeit to a reduced production increase, the
concept of annihilating deleterious recombination processes with an EEF much smaller than the
ones usually applied to separate photoexcited charge carriers in semiconductor nanoparticles is

quite appealing as no electric current is required and the chip efficiently works in the gas phase.

RESULTS AND DISCUSSION

The successful impregnation of the Au nanoparticles (NPs) in the powder of TiO,
nanocrystals was determined with high angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) (Figure 1a). Due to the significant atomic number of 79 for gold,
which provides a Z-contrast much larger than the one of TiO, (Z=19),%° the Au NPs show a
bright contrast. Their identification was further confirmed by energy dispersive spectroscopy

(EDS) analysis of Au element from the same area (Figure S1). Based on similar STEM images,



the Au NPs are randomly distributed. From the observation of 156 Au NPs, a mean size of 6.2 +
3.9 nm is found (Figure 1b). High-magnification TEM images reveal the crystallinity of the
different NPs (Figure 1c and Figure S2). The smaller interplanar distance seen in the Au NP
departs from the interplanar distance of the TiO, nanocrystals, which consists, in the majority, of
the anatase phase, and, to a lesser extent, of the rutile phases, as deduced from X-ray diffraction
analyses (Figure S3).3°3® Although the Au NPs are not hemispherical, the observation of
truncated edges indicates the existence of contact areas between the Au NPs and the TiO,
nanocrystals.®* The small Au content of 1wt.% in the photocatalyst is further confirmed by UV-
Vis diffuse reflectance measurements (Figure 1d). While the TiO, powder and Au/TiO,
photocatalyst show a strong absorption below 400 nm, which is caused by the optical transitions
occurring in TiO,, an additional broad peak appears in the visible range for the Au/TiO,
photocatalyst only. This peak becomes stronger with increasing amount of Au (Figure S4). It
arises from the surface plasmon resonance of the Au metallic NPs.**® The centre of the peak,
around 540 nm, is consistent with the mean size of the Au NPs measured in TEM.* The metallic
nature of the Au NPs is also confirmed by X-ray photoemission spectroscopy (XPS), as seen in
Figure S5, with an Au 4f;, binding energy slightly smaller than that in pure Au foil (84.0 eV)

consistent with the literature.*°
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Figure 1. (a) HAADF-STEM micrograph of the Au/TiO, photocatalyst. (b) Related size distribution
histogram. (¢) HR-TEM image of an Au nanoparticle in contact with TiO, nanocrystals. (d) UV-Visible

diffuse reflectance spectroscopy of the pure TiO, powder and the Au/TiO, composite.

The synthesized TiO, powder and the Au/TiO, powder were dissolved in ethanol and
drop-cast on the whole surface of 2.5 x 2.5 cm? glass substrates, as shown in Figure 2a and as
described in the preparation of the photocatalytic chips (Figure S6). Based on cross-sectional
scanning electron microscopy, the average thickness of the layer was 17 um. Without

photocatalyst on the chip or light irradiation (back and red lines in Figure S7a), the chips did not



produce any gas in the presence of water at the bottom of the reactor, as schematized in Figure
S8. Upon illumination of the chips with a Xe lamp, the photocatalytic H,O splitting over pure
TiO, sample generated only a minor amount of H, gas (nearly 120 pmol g™) after 15h of reaction
(Figure S7b). Adding Au NPs in the TiO, powder allows to double the amount of H, gas, this
production saturating about 240 pmol g™ after 15h (black line in Figure 2b), a value consistent
with the literature results of water splitting over Au/TiO..** Such an increase has been shown to
result from the resonant surface plasmons of the Au NPs which provide hot carriers for reaction
and enhances the local electric field at the interface between Au and TiO,, favoring a stronger
generation of electron-hole pairs.**** Applying an EEF across the Au/TiO, chips shows a further
increase of the production of Hy, which is roughly proportional to the applied bias (Figure S7c).
The production does not change when the polarity is reversed (Figure S9). After 15 hours and for
a bias of 20 V, it reaches 2991 pmol g, which corresponds to a 12-fold increase in comparison

with the production of H; in the absence of the EEF (green line in Figure 2b).

Similarly, all O, productions were much higher with a bias applied across the chips in
comparison with experiments without any EEF (Figure S7d). In the absence of oxygen
scavengers, water splitting should result in the generation of 0.5 O, molecules for each molecule
of H,. However, the amount of produced oxygen was lower than the produced hydrogen. We
attribute this deviation to oxygen vacancies of the TiO, nanocrystals, which more likely adsorb
oxygen generated during the reaction. Adsorbed O species were identified by the three g values
0f 2.006, 2.012 and 2.020 measured with electron paramagnetic resonance spectroscopy (Figure
S10).** The adsorption of oxygen atoms was also detected with X-ray photoemission
spectroscopy in ultrahigh vacuum, as a broader shoulder was measured at high binding energy on

the O 1s core level in comparison with the composite chemical composition before water



splitting (Figure S11).* This efficient adsorption, which accounts for the lower production of
oxygen, IS also supported by regeneration treatments of the Au/TiO, chips by light and voltage in
argon (Ar) resulting in the desorption of oxygen and recovery of the catalytic activity. While the
regeneration process first consisted of irradiating the polarized Au/TiO, composite with 20 V for
8h, extending the duration of this process to 12h showed an enhancement of the H, production
after the fourth run. Hence, the Au/TiO, photocatalytic chips demonstrated high activity after six

consecutive cycles with a minor decline in H, production rate at the end (Figure 2c).

Importantly, applying only the EEF without illumination was unable to activate Au/TiO;
for the production of H, and O, gas from H,O (blue line in Figure S7a). Therefore, both light
irradiation and an applied bias are essential for the photocatalytic H,O splitting reaction. To get
deeper insight into the impact of the EEF, the photocatalytic H,O splitting tests over the Au/TiO,
sample under the sequential applications of zero-bias and 20V were performed with 2 cycles for
each type of condition (Figure 2d). The H, production rate increases from 240 to 2991 pmol g*
after applying 20V, drops back to 224 pmol g™ after switching off the voltage and recovers with
the bias voltage. The detection of the same activity at zero bias during this sequence indicates the
absence of remanent polarization in the sample. It also excludes a structural/chemical permanent

change of the sample catalytic properties, which would be caused by the EEF.

For further evidence of the EEF effect and its suitability for various photocatalytic
reactions, the toluene photodegradation reaction on the as-prepared Au/TiO, photocatalytic chip
was also implemented (Figure 2e and Figure S7e). The photocatalytic oxidation of toluene by the
AU/TiO; catalysts leads to the production of CO,. The amount of CO, after 8 h of irradiation was
600 pmol g™ at zero bias. It was significantly increased upon application of the EEF (5V, 10V

and 20V). At the highest bias of 20V, the maximum production of CO, was 3542 pmol g™,



yielding an almost 6-fold increase in the activity. It is consistent with the water splitting results

and confirms that the EEF has a beneficial impact for two different photocatalytic reactions

performed in the gas phase.
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Figure 2. (a) Pictures of the chips before and after the deposition of the Au/TiO, photocatalyst and cross-
sectional SEM image of the Au/TiO, supported over glass with a gold electrode layer in between. (b) H,
production rates from H,O splitting reactions as a function of irradiation time under different bias applied
across the Au/TiO, chips. (c) Stability tests of the chips after regeneration of the Au/TiO, photocatalyst.
(d) H, production rates from H,O splitting under switching sequential different conditions from non-bias
to applied bias at 20V. (e) CO, production rates for the photocatalytic oxidation of toluene as a function
of irradiation time under different bias applied across an Aw/TiO, chip. (f) Comparison of the H,
production between a fully covered chip and a chip with a narrow gap in the middle of the sample,
preventing any current from flowing across the chip. The error bars represent the standard deviations (SD)

for three independent measurements.

In order to explain the positive impact of the EEF on the production yield, we measured
the electric current flowing across the chips. Indeed, the higher activity obtained with a polarized
chip can be caused by an electrocatalytic activation of the molecules. However, the current of a
few nanoamperes is quite small and can barely affect the catalytic performance of the chips
(Figure S12). More importantly, as seen in Figure 2f, a similar catalytic performance was found
when a narrow gap exists in the middle of the chip, splitting the sample into two discontinuous
parts (bottom inset in Figure 2f). As no current can flow across the polarized sample, this
geometry rules out any contribution of the current to the enhanced activity of the polarized

samples.

To get a deeper insight into the role of the applied bias for an enhanced photocatalytic
performance, the optical properties of the Au/TiO, photocatalyst were investigated. At the
nanoscale and without an EEF, spatially resolved STEM electron energy-loss spectroscopy

(EELS) reveals a peak on the Au NP seen in Figure 3a. The peak is centred at an energy of 2.1

11



eV. It corresponds to the localized surface plasmon resonance of the Au NP*” and is consistent
with the broad plasmonic absorption measured with UV-Vis spectroscopy (Figure 1d). Based on
the spectrum image acquired in the areas marked by the colour rectangles on the HAADF image,
the peak shifts from 2.1 eV on the Au NP to 2.5 eV on the TiO, nanocrystals. This is better
visible in the map of Figure 3b, where the position of the EELS peak in the TiO, nanocrystal
varies between 2.3 and 2.6 eV, an energy range smaller than the band gap of rutile and anatase.
These transitions have been identified as sub-bandgap transitions caused by oxygen vacancies.”'
They involve the radiative recombination of electrons in the conduction band and in shallow
levels below the conduction band with trapped holes in deep levels, giving rise to the green

photoluminescence (PL) in anatase.'
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Figure 3. (a) Spatially resolved EESL spectra measured in the six areas delineated by the colour
rectangles defined in (b) the HAADF-STEM image of a bright Au NP partially embedded in the dark-
grey TiO, matrix. (c) Energy shift map of the EELS peak measured in the HAADF-STEM image shown
in (b). (d) Photoluminescence (PL) spectra of the Au/TiO, photocatalyst for different applied biases. The
spectra are normalized based on the measured Raman modes By (1), Bi4(2)+A,, and E,(3) which are
highlighted in the inset. (¢) Peak position of the PL spectra as a function of the applied bias for the TiO,
P25 powder and the Au/TiO, photocatalyst. Inset: comparison of the PL emission between the P25

powder and the Au/TiO, photocatalyst at zero bias.

The existence of radiative transitions around 2.45 eV in the P25 and Au/TiO; chips is

confirmed by PL experiments. Without any EEF, both chips show a broad peak centred at a
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wavelength of 504 nm (inset of Figure 3d), in agreement with the PL peak found for anatase
nanocrystals studied in air.>*** The peak is smaller for the Au/TiO, photocatalyst. This
observation agrees with previous experimental results which have shown a reduction of the
probability for photoexcited electrons to radiatively recombine with holes in TiO,, the Au NPs
scavenging the photoexcited electrons.'®*%%® This transfer and its dynamics is highlighted with
UV-Vis femtosecond transient absorption measurements of the Au/TiO, catalysts at the
excitation of 350 nm. As shown in Figures 4a and b, the transient absorption spectra recorded for
pump-probe delay up to 6 ns exhibits two clear distinct contributions: first, a negative
contribution at the smallest wavelengths, which is strong below 400 nm and associated to the
bleach of the band gap absorption of TiO,; then, a second negative contribution in the visible
spectral range, above 500 nm, which corresponds to the plasmonic response of the gold
nanoparticles. As the kinetic of the non-geminate electron-hole recombination in TiO, varies

55,56

with the concentration of photogenerated charge carriers, and the hot-electrons dynamics in

metal nanoparticles is governed by the amount of the energy absorbed by the metal,>" > t

WO
different pump intensities are used to record the transient spectra. The kinetic of the decay traces
acquired at Aprope = 420 Nm and Aprobe = 560 nm for both pump intensities shows that the time
evolution of the two contributions are clearly different (Figures 4(c-d)). Hence, in the Au/TiO,
photocatalyst, the dynamics of the holes in the valence band of TiO, and the dynamics of the
electrons in the conduction band of Au nanoparticles evolve independently. The analysis of the
laser intensity on the kinetics reveals that the rate of recombination for the holes (Aprope = 420
nm) decreases with the intensity, in good agreement with the second order kinetic expected for

the non-geminate electron-hole recombination in Ti0..>>*® Conversely, for the plasmonic

response of Au, the kinetics of the decays (Aprone = 560 Nm) is not affected by the pump intensity,

14



the decay being much slower (t = 7 ps) than the typical electron-phonon coupling rate in gold or
silver nanoparticles (t< 1 ps).”" > Therefore, the measured perturbation of the plasmonic
response is not caused by the direct excitation of the electrons in the metal. It arises from the
electron transfer between the TiO, nanocrystals and the Au NPs, in agreement with the measured

decrease of the PL for the Au/TiO; photocatalyst with respect to the P25 sample.
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Figure 4. (a-b) Transient spectra and (c-d) kinetic traces recorded upon photoexcitation of the Au/TiO,
photocatalyst with A,,mp, = 350 nm of relative intensity I, (data a, ¢) and 1,/2 (data b, d), respectively. In

a), b), the legend corresponds to different pump-probe delays. In (¢) and (d), the kinetic traces are
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reconstructed for the transient spectra for the probe wavelengths Agope = 420 nm and Agpe = 560 Nm. The

coloured lines correspond to the best fits by three exponential decay model functions.

The PL of Au/TiO; sample was further studied as a function of the bias across the chip at
ambient conditions. By normalizing the spectra based on the small Raman peaks used as a
reference (inset of Figure 3¢ and Figure S13), we have observed that a small bias of 1V
decreased the PL signal (Figure 3c). Larger bias led to a stronger suppression of the PL. The
quenching predominantly affects the lowest transitions, resulting in a small decrease of the peak
linewidth by 13 nm and a significant blue-shift by 39 nm (Figure 3d), when the applied bias

reaches 25 V for the Au/TiO; chip.

To understand the influence of the EEF on the PL, the variation of the potential across the
samples was measured with Kelvin probe force microscopy (KPFM). While the 1 x 1 pm?> AFM
images acquired in five different areas on the Au/Ti10; chip (marked in Figure 5b) show a similar
morphology, the 1 um-long KPFM line scans reveal a clear change of the contact potential as the
AFM tip moves from one area to the next one with increasing bias applied to the left electrode
(Figure 5a). By plotting the contact potential difference (CPD) as a function of the distance for
biases in the range 0 to 10 V (Figure 5c¢), all the traces can be approximated by a linear slope
away from the electrodes, indicating that the EEF corresponds to the applied voltage divided by
the sample width. This observation dismisses the existence of areas with intense EEF in the
sample. Therefore, a continuous and smooth drop of the potential between the electrodes yield a
maximum constant electric field of 8 V/cm, much too weak to produce a Stark effect able to

separate the photoexcited electrons and holes in the TiO, nanocrystals.*' >

16
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Albeit weak, it can ionize the shallowest levels below the conduction band of anatase,’>*

preventing the photoexcited electrons to recombine with holes trapped in deep levels about 2.4
eV below the conduction band (Figure 6 for water splitting and Figure S14 for toluene oxidation
reactions). Therefore, these electrons are available at the anatase nanocrystal surfaces and
interfaces to be transferred to the rutile or Au NPs and/or activate the reactants. As the field
ionization of the shallow states leads to a partial filling of the conduction band states, a few
radiative transitions can still occur, but they involve electrons with slightly higher energies than
the bottom of the conduction band. The so-called Burnstein-Moss effect in semiconductor
materials would explain the observed blue-shift of the weak and remaining PL for both the P25
and Aw/TiO; chips.®"®* As the radiative recombination pathway is suppressed, the excess of
available electrons reacts not only with hydrogen, but also oxygen molecules, producing
superoxide species. As shown in Figure 6, the chemisorbed superoxides, which are negatively
charged, causes an upward band bending at the surface of the anatase nanocrystals.”** The

resulting depletion layer contributes further to the quenching of the green PL.
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TiO, nanocrystals.
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To explain the stronger blue-shift measured in the Au/TiO, chips in comparison with the
P25 chips, we simulated the absorption cross-section of a gold NP embedded in an insulating
environment with a mean dielectric constant of 1.7 using Mie theory. We assume that the
quenching of the PL due to the EEF causes a more effective charge transfer of the electrons to
the Au NPs, as seen in Figure 6. This effect leads to an increase of the electron density at the
surface of the Au NPs.” By simulating the extinction cross-section with higher and higher
electron densities N with respect to the electron density Ny at zero bias, Figure 7 shows that the
plasmonic resonance is clearly blue-shifted (see also Figure S15 for different dielectric
constants), in agreement with a plasma frequency of the Au NPs varying as the square root of the
carrier density.®®®” Therefore, our result suggests that the observed PL peak in the Au/TiO, chips
have two contributions, the green emission related to TiO, and an emission from the Au NPs.
Although very weak, the latter one would explain the stronger blue-shift in the Au/TiO, chips in

comparison with the P25 chip, when the green emission becomes significantly reduced.
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Figure 7. Simulation of the absorption cross-section for a gold nanoparticle with a diameter of 6.2 nm in
an insulating environment with a mean dielectric constant of 1.7, for increasing electron densities ratio

N/Nj in gold. Ny corresponds to the electron density at zero bias.

CONCLUSION

In summary, we have found an increase in the photocatalytic activity assisted by an
external electric field for water splitting on the Au/TiO; heterostructure. Based on the analysis of

the PL emission as a function of the sample polarization, the improved performance of the
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photocatalyst arises from the increasing quenching of the radiative recombination between the
photoexcited electrons and holes in the TiO, nanocrystals. We attribute this quenching to the
synergetic action between the electric-field assisted electron emission in TiO, and the conversion
of oxygen to chemisorbed superoxides at the TiO, surface, which makes the slow charge transfer
of electrons to reactants competitive with the recombination process. As many metal oxide
semiconductors are prized in photocatalysis and enclose shallow trap states, the application of an
EEF provides an efficient and low-cost route to substantially improve their photocatalytic

activity by suppressing deleterious recombination processes.

METHODS

Materials and reagents

Titanium (IV) oxide powder (TiO,, P25, 99.5%), toluene liquid (C;Hg, ACS reagent,
99.5%), gold (ID) chloride tetrahydrate (HAuCly4H,0), sodium borohydride powder (NaBHy,
98%) and ethyl alcohol (C,HsOH) were purchased from Sigma-Aldrich. Deionized (DI) water
was used as solvent for material cleaning steps. Nitrogen gas, argon gas and synthetic air were

provided by Air Liquide company. All chemicals were used without further purification.
Preparation of photocatalytic chips

The fabrication of photocatalytic chips consists in two steps including photocatalyst
synthesis and deposition of the photocatalyst on the substrates. First, the Au/TiO, photocatalyst
was typically prepared via the incipient wetness impregnation method (Figure S6a). For this,
TiO, powder (0.5 gram) was dissolved with DI water (50 mL) in a glass container before being
vigorously stirred for 20 min. Afterwards, 40 uL of gold precursor solution (HAuCls-4H,O,

0.625 M) was slowly added to the obtained slurry and kept on the stirrer for next 10 min.
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Subsequently, the reductive NaBHy4 solution (2 mL, 0.05 M) was slightly poured into this
suspension, which was immediately turned into dark purple color. After being stirred for further
10 min, the slurry was centrifugated to remove solvent and washed several times with DI water
and ethanol. Eventually, the obtained powders were dried at 60 °C overnight, then calcinated at
300 °C for 4h before being stored in a vial for next experiments. The weight percent (wt.%) of
Au NPs loading in Au/TiO, photocatalyst was estimated at 1%. To compare the optical
properties, another Au/TiO, sample with higher Au NPs content (3%) was synthesized in the

similar way.

Along with the synthesis of catalysts, chips were prepared from pieces of glass (2.5
cmx2.5 cm), which were first immersed in a HF solution for 5 min to enhance their surface
roughness. Then, they were washed several times with ethanol and DI water to get rid of HF acid
residue. Subsequently, two gold electrodes with rectangular shapes (0.5 cm X 2.5 cm) were
deposited for 4 min at a rate of 0.5 nm/s along the two opposite edges of the glass substrate by
using an evaporation system (Plassys MEB E-beam 550S). Shortly afterwards, two electrical
wires were subsequently attached on gold electrodes by silver paste for receiving external bias
(Figure S6b). The distance between the electrical wires was fixed at 2 cm. Finally, the chips were
dried at 80 °C for 3h. The second step in the chip preparation consisted in dissolving 10 mg of

the synthesized Au/TiO, powder in ethanol and drop-casting it on the whole surface of the chips.
Characterization and measurement

The crystal structure and chemical composition of the Au/TiO, photocatalyst and the
TiO, were inspected by X-ray diffraction (XRD), equipped with a Cu-Ka radiation source

working at 40 kV and 30 mA (Empyrean system from Panalytical). The crystalline phases were
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determined based on the diffraction patterns with those of the standard powder X-ray diffraction

files (JCPDS).

Morphologies and high-resolution atomic arrangements of the synthesized photocatalysts
were examined by using a scanning transmission electron microscopy (S/TEM, TITAN Themis
300) mounted with an HAADF detector (electron energy of 300 keV). Element mapping of
samples was performed with energy-dispersive X-ray spectroscopy (EDS). The optical
absorption of photocatalysts was studied with the Ultraviolet—Visible diffuse reflectance

spectroscopy (UV-Vis DRS) using a spectrometer (PerkinElmer Lambda 650S).

For X-ray photoelectron spectroscopy (XPS), we used a Kratos Axis Ultra DLD
photoelectron spectrometer using monochromatic Al Ka (1486.7 eV) X-ray irradiation. High-
resolution spectra were collected after loading the samples in ultrahigh vacuum with an analysis
area of 300um - 700 um and a 20-eV pass energy. The binding energies were measured after
surface charging corrections with the spectrometer and work function of the instrument
calibrated based on the binding energy of the Au 4f;, peak at 84.0 eV measured on a clean Au

foil.

The analysis of paramagnetic species was performed by continuous-wave electron
paramagnetic resonance (EPR). These experiments were performed on a Bruker ELEXSYS E500
spectrometer operating in the X-band (9.5 GHz). The following conditions were used for the in-
situ measurements: a microwave power of 2 mW and modulation amplitude of 1 G with a
conversion time of 82 ms and 30 scans. The EPR spectra were recorded at 94K to avoid electron-

hole recombination.

The photoluminescence spectra were measured with a 325 nm excitation (HR Labram,

Horiba Scientific), either without or with an external electric field. During the measurement of a
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spectrum, the bias was kept constant, and the measurements were repeated by varying the
voltages between 0 and 25 V. As the samples are not conductive and get charged upon
illumination, the elapse time between two measurements was set to 20 minutes to restore the
intrinsic properties of the samples. To be able to compare the spectra despite residual charging
effects, they were normalized with respect to the Raman peaks measured at 329.3 nm, 330.5 nm
and 331.8 nm (inset of Figure 3c). The corresponding wave numbers of 401 cm™, 512 cm™ and
631 cm™ match well with the position of the peaks measured in the Raman spectra of the P25

powder (Figure S13) and arising from anatase TiO,. **®

The optical properties of individual Au NPs in the TiO, matrix were also analysed with
STEM operated at 200 keV and combined with electron energy loss spectroscopy (EELS). Using
the scanning beam mode, the electron beam was focused to a point which was scanned to form
an image, the so-called spectrum-image mode. The EELS spectra were recorded from a small
excited volume by collecting low-angle scattered electrons. The achieved energy resolution,
measured as the full width at half maximum of the zero-loss peak (ZLP), was approximately 0.4
eV. The contribution of the ZLP tail was significantly reduced by means of the Richardson—Lucy

deconvolution using the ZLP spectrum captured in vacuum.

The femtosecond laser pulses were generated by using a Ti:Sa chirped-pulse amplifier
(CPA) laser (model Astrella from Coherent) delivering 35 fs pulses at 800 nm, 1kHz and with an
energy of 5.5 mJ per pulse. After passing through a telescope, the main part of the beam (2.7
mlJ) was reflected by a 50/50 beam splitter and it was steered into a first OPA (Model OPERA
from Coherent) while 1.8 mJ (70%) of the transmitted beam was seed into a second OPA (Model
OPERA from Coherent). A small part of the residual beam at 800 nm was used to generate the

supercontinuum probe beam in the transient absorption spectrometer. The OPAs were used to
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generate the pump pulses whose wavelength is tuneable in the 250 nm-1600 nm spectral range.
For these experiments, the pump excitation was set to 350 nm or 700 nm, with an energy per
pulse of less than 500 nJ on the sample. The intensity of the pump was adjusted by using a 0.3 or
0.6 optical density. The transient absorption signal was measured in transmission with a transient
absorption spectrometer (model HELIOS from UltrafastSystems) equipped with an auto-aligned
7 ns long optical delay line and three supercontinuum (SC) generation stages covering the full
UV to NIR spectral range. After the generation, the SC beam was split into a Signal (SIG) and
Reference (REF) beam, both detected by a UV-vis or NIR multichannel detector. Only the SIG
beam was passing through the sample, which consisted of the TiO,/Au (1%) photocatalyst
deposited on a thin BK7 glass window. The pump beam was steered into the sample by using
reflective optics and it was focused by a off-axis parabolic mirror. The relative polarization

between the pump and probe beam was adjusted at the magic angle using a Berek compensator.

KPFM was performed with a Bruker Dimension 3100 AFM operating under ambient
conditions in amplitude-modulation (AM)-lift KPFM mode with a Pt/Ir coated silicon probe
(Nanosensors PPP-EFM). In a first pass, the microscope operates in tapping mode, then the tip is
lifted by 50 nm and an AC + DC bias is applied to the tip. The amplitude of the AC component
was set to 6V and its frequency to the resonant frequency of the probe (82.6 kHz) while the
KPFM feedback loop adjusts the DC bias to nullify the oscillation of the probe. As a result, its
value equals the CPD between the tip and the sample. We first imaged the area of interest at 0 V
sample bias revealing a homogeneous CPD between -0.26 and -0.45 V. Then, the scan frame was
restarted from the bottom, disabling the slow scan axis while increasing the sample bias from 0

to +10V by step of 2V.

Simulation
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The normalize cross-sections of a spherical gold nanoparticle embedded inside a
homogeneous transparent medium has been simulated using Mie theory.® The dielectric constant
of the bulk gold has been modified by applying a correction to the free electrons contribution

with the following relation derived from reference’®:

2

B Wp _N
er(w) = €o(w) — m<1 No)

where o is the angular frequency, h,=9.0 eV, hI'=70 meV, N and N, are the free electrons
densities of the biased and unbiased bulk gold respectively, and ¢,9(w) the dielectric constant of
unbiased bulk gold from reference.”’ The refractive index of the environment has been fixed to
n=1.7 in order to reproduce the correct position of the unbiased plasmon resonance at A=550 nm.
Finally, cross-sections have been normalized to the section of the nanoparticle, 6y=nR? where R

is the nanoparticle’s radius.
Photocatalytic tests

The external electric field-assisted photocatalytic activities of H,O splitting toward
Au/TiO; catalyst were conducted in a stainless-steel batch reactor (250 mL) with a transparent
window on the top (Figure S8). A solar simulator (CHF-XM 500W) with full irradiation was
used as a light source. The electrical wires were plugged to a power supply (DC power supply

AL 924A), which provides the external electric field for photocatalytic reactions.

To perform the H,O splitting reaction, the batch reactor containing the photocatalyst chip
in the middle of the reactor and 10 ml of DI water on the bottom was evacuated by a vacuum
pump for 30 min, then charged by argon gas (1 MPa) as a medium. The toluene decomposition
was similarly conducted by evacuating the batch reactor containing the photocatalyst chip before

providing a mixture of toluene vapor and synthetic air (0.5 MPa). The toluene vapor was created
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in a metallic container by purging toluene liquid with purity N, gas at room temperature. The
concentration of toluene vapor was estimated at 3000 ppm. Afterwards, the reactor was kept in
dark condition for 30 min to obtain an adsorption-desorption equilibrium between the

photocatalysts and reactant molecules prior to light irradiation.

The reactor was maintained at 25+2 °C for both types of reactions by using a cooling
system. After the reaction, the gaseous products were directly injected and analyzed by a gas
chromatography (GC, Aglient 8860) combined with a flame ionization detector (FID) and a
thermal conductivity detector (TCD). To regenerate the active surface of the catalyst, the used
Au/TiO, chip was simultaneously polarized at 20V and treated under light irradiation for 8h in

the presence of only argon gas before running new cycles.
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