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Unravelling the effect of charge dynamics at the
plasmonic metal/semiconductor interface for CO,
photoreduction
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Sunlight plays a critical role in the development of emerging sustainable energy conversion
and storage technologies. Light-induced CO, reduction by artificial photosynthesis is one of
the cornerstones to produce renewable fuels and environmentally friendly chemicals. Inter-
face interactions between plasmonic metal nanoparticles and semiconductors exhibit
improved photoactivities under a wide range of the solar spectrum. However, the photo-
induced charge transfer processes and their influence on photocatalysis with these materials
are still under debate, mainly due to the complexity of the involved routes occurring at
different timescales. Here, we use a combination of advanced in situ and time-resolved
spectroscopies covering different timescales, combined with theoretical calculations, to
unravel the overall mechanism of photocatalytic CO, reduction by Ag/TiO, catalysts. Our
findings provide evidence of the key factors determining the enhancement of photoactivity
under ultraviolet and visible irradiation, which have important implications for the design of
solar energy conversion materials.
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esearch efforts to develop sustainable and efficient carbon-

neutral energy technologies are crucial to limit the harmful

effects of greenhouse gas emissions associated with the
fulfilment of the future energy demand!2. To reach this goal, it is
essential to achieve the improvement and deployment of CO,
capture and utilisation technologies>*. One of the most sig-
nificant scientific challenges today is the harnessing of sunlight to
obtain fuels and chemicals by artificial photosynthesis®>~’. To
succeed in this task and improve the current quantum yields, it is
necessary to focus on the design of efficient photocatalysts cap-
able of successfully managing photons and electrons, boosting the
light absorption across the entire solar spectrum and enhancing
charge separation and transport processes3~10,

An extensive number of heterogeneous CO, reduction photo-
catalysts have been developed in the last years!!~-13, Amongst
them, TiO, remains the most widely used, accounting for more
than 50% of the published literature in this field!2. Nevertheless, it
possesses a series of limitations, such as a relatively poor con-
ductivity, high overpotential for cathodic reactions, high recom-
bination of the photo-induced charges and an ultraviolet (UV)-
matching band gap, which only enables the use of a small fraction
(~4%) of the solar spectrum. To overcome these limitations,
different strategies have been developed, including band structure
engineering, doping, sensitising, the use of co-catalysts and the
formation of heterojunctions with other semiconductors>1>.

In this way, plasmon-induced photocatalytic processes have
gained attention due to their photoactivation tunability, extended
optical absorption in a wide range of the visible spectrum,
enhanced charge separation lifetimes, improved conversions and
controlled selectivity when metal nanoparticles (NPs) act as co-
catalysts!6-19,

Whilst the physics of the localised surface plasmon effect are
well understood, several routes have been proposed to explain the
influence of interfacial charge dynamics in photocatalytic reac-
tions driven by metal NP/semiconductor systems: hot electron
injection, resonance energy transfer, plasmon-exciton coupling,
field nanoconfinement and direct electron injection?0-23. How-
ever, an unequivocal explanation, especially on non-model, or
real, catalysts, is still unclear and requires a holistic understanding
of each and every process comprised in the overall reaction.

Herein, we combine unique in situ techniques and time-
resolved optoelectronic characterisation with theoretical calcula-
tions to determine the aspects not fully understood about the
photo-induced interfacial charge dynamics and the role of
intermediates and oxygen in the CO, photoreduction reaction
mechanism over Ag/TiO, photocatalysts, using H,O as electron
donor and both UV and visible-light irradiation. Our study
reveals that the plasmonic metal/semiconductor junction can
introduce synergetic optical and electronic effects that modify the
interfacial charge generation and electron transfer kinetics, driv-
ing CO, photoreduction towards highly electron-demanding
products. The comprehension of charge photogeneration and
transfer kinetics and mechanisms at the interface between plas-
monic metals and semiconductors has a multidisciplinary impact
because it is a powerful tool to design and optimise multi-electron
transfer reactions, not only for artificial photosynthesis but also
for new light-induced catalytic reactions.

Results

Photocatalyic activity. UV-driven CO, photoreduction experi-
ments show that homogenously distributed Ag NPs on the ana-
tase TiO, surface (Fig. 1 and Supplementary Figures 1 and 2a-o)
lead to a nearly 15-fold enhancement in the CH, production rate
compared to the bare semiconductor (Fig. 1a), with which CO is
obtained as the main product. On the contrary, under visible

irradiation TiO, is highly selective to methanol (Fig. 1b). This
behaviour is observed in all samples containing different Ag
loadings (Fig. 1c and Supplementary Table 2). It should be noted
that the reported CH, production rate (ca. 5.8pmolgcm_1 h~1) for
1.5Ag/TiO, catalyst (1.5wt% Ag) outperforms most of the
reported state-of-the-art values with Ag-based photocatalysts
(Supplementary Table 3), using H,O as electron donor under
mild operation conditions. Further increase in the silver loading
leads to a lower hydrocarbon production that could be ascribed to
different factors such as a lower Ag dispersion and surface area
(Supplementary Table 1 and Supplementary Figure 20), or a
shading effect that hinders the light absorption by the semi-
conductor. Previous studies performed in our group attributed
the change in selectivity to the electron scavenging ability of metal
NPs, which retards the recombination and favours the formation
of highly electron-demanding products (such as CH,)'®*%
However, the role of Ag NPs in charge dynamics and their effect
on the photocatalytic behaviour are still unclear. To shed light on
this point it is necessary to understand the photoelectron
dynamics pathways at the Ag/TiO, interface and their effects on
the catalytic mechanism (Fig. 1d).

Electronic band structure of the Ag/TiO, heterojunction. The
combination of the valence band (VB) analysis from X-ray
photoelectron spectroscopy (XPS), electrochemical impedance
spectroscopy (EIS) and theoretical calculations allow to draw a
complete scheme of the electronic properties of the metal/semi-
conductor interface (Fig. 2). This information is essential to
understand the light-induced processes in photocatalytic reac-
tions. Silver deposition on the titania surface modifies the inter-
face band structure as confirmed by the formation of surface
states near the TiO, Fermi level (Eg). This can be observed in the
VB XPS spectrum (Fig. 2a) and also in the flat band potentials
determined by the Mott-Schottky plots obtained through EIS
measurements (Fig. 2¢)2°. The VB spectrum of bare titania shows
a broad band due to O 2p that is formed by the characteristic
contribution of bonding (at 7.6 eV) and non-bonding orbitals (at
5.6¢eV). On the other hand, the Ag/TiO, sample shows an
increase in surface states in the non-bonding region and changes
in the VB edge (=0.2 V), which are consistent with an interface
interaction between surface atoms that could be assigned to the
formation of Ag-O bonds. This hypothesis is confirmed by the
electronic structure obtained by density functional theory (DFT)
calculation of Ag clusters supported on TiO, NPs. Thus, the
density of states of a bare TiO, cluster shows a band gap (E, =
3.2eV) in which valence and conduction bands are mainly
formed by O 2p and Ti 3d orbitals, respectively (Supplementary
Figure 3). Otherwise, Ag/TiO, (Fig. 2b) exhibits the formation of
induced interface states (IFS)?® in the band gap region. These
surface sub-band gap (Sg,) states can be assigned to charge
donation from Ag 5s to O 2p neighbouring atoms and Ti 3d
orbitals. These Sg, states have been previously described in this
kind of materials?® and are consistent with ultrafast (<10 fs)
photo-induced hot electrons in TiO,, rather than electrons pho-
togenerated in Ag and transferred to the semiconductor. The
formation of these IFS states could be a cornerstone to explain
photocatalytic activity in the visible spectrum region.

Because of the narrow differences between the Ag and TiO,
work functions, depending on morphological or structural
properties?’, different band-bending scenarios have been pre-
viously described for Ag/TiO, interfaces?>?. For the present
samples, the flat band potentials and therefore the Fermi level
(Eg) were calculated from the charge transfer capacitance (Csc)
obtained from the EIS measurements (Fig. 2c). The dependence
of Csc on bias potential (V) is described by the Mott-Schottky
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Fig. 1 Light-induced charge dynamics pathways and their effect on CO, photoreduction. Cumulative production of a methane and b methanol under 365
nm and 450 nm irradiation, respectively. ¢ Transmission electron microscopy (TEM) image of Ag nanocluster supported on the anatase TiO, surface, scale
bar 2 nm. d A combination of in situ characterisation tools at different timescales and theoretical calculations allow the determination of the optoelectronic
and surface properties at the Ag/TiO, interface and their effect on photoredox reactions in artificial photosynthesis

equation (Supplementary Note 1). Ag/TiO, presents a slightly
positive shift on the flat band potential value (¢p =0.10+0.01
eV) compared with TiO,, which reveals a variation in the Fermi
level energy when silver is deposited on the surface. This result
indicates an interfacial charge transfer from TiO, to Ag that
causes an upward band bending that is screened over a depletion
layer thickness (Lp) that depends on the Ag particle size
(Supplementary Figure 4). In addition, the carriers density (Ny)
for Ag/TiO, = =3.20 x 1017 cm—3 increased compared to bare
TiO, = 2.69 x 1016 cm~3, as determined from the slide of the
Mott-Schottky plot. In addition, electron localisation function
plots (Fig. 2d) show an evident polarisation in Ag atoms near the
O sites, confirming the formation of hybridised orbitals due to the
presence of Ag-O bonds.

Up to here, surface VB studies, electrochemical measurements
and DFT calculations altogether allow to describe the Ag/TiO,
interfaces as complex electronic structures resulting from the
formation of IFS states due to the charge donation between
surface Ti-O and Ag neighbours. In addition, this interaction also
leads to changes in carrier density and in the band bending.

Mechanistic studies of CO, photoreduction. In situ near-
ambient pressure XPS (NAP-XPS) under UV irradiation reveals a
first step of CO, adsorption/activation, via carbonate/bicarbonate
formation, followed by the preferential development of hydro-
carbon intermediates. In ultra-high vacuum (UHV), the Cls
signal of a fresh Ag/TiO, sample (Fig. 3a) shows the presence of
spurious carbon (C-C, 284.7 V), as well as other contributions
assigned to bicarbonate (HCO;™, 288.6 eV), carbonate (CO42,
289.5eV) and other species containing C-O bonds (285.5¢V)
262829 In turn, the Ols region (Fig. 3b) reveals the presence of

bridge oxygen species (Op, 530.1 eV), hydroxyl groups (Oop,
531.1eV), different inorganic carbon-oxygen species (C-O°,
532.0eV) and physisorbed water (HyOphys» 532.5 eV)30:31 After
exposing the sample to a CO, and H,O atmosphere an increase of
carbonate/bicarbonate species is observed as a result of the CO,/
H,O equilibrium on the catalyst surface (detailed information in
Supplementary Tables 5 and 6)2%32,

The irradiation of the sample with UV light leads to substantial
changes. The most relevant finding in the C 1s spectrum is the
appearance of two new components at 284.0 and 287.0eV,
corresponding to methylene and formate intermediates, respec-
tively (Fig. 32)3»3% In addition, two other components are
observed at 291.9 and 292.9€V associated with CO,%~ and
desorbed gas-phase CO,3>, respectively. Moreover, a broadening
occurs in the peaks of HCO;~ and CO32~, which could also act as
hole scavengers>®, while the peak at 287.01 eV can be attributed to
the contribution of carbonyl intermediates’®37. During the
reaction a decrease in OH groups and physisorbed H,O is
observed in the Ols spectrum (Fig. 3b), indicating the role that
both species are playing in the photoredox process. In summary,
NAP-XPS observations in Ag/TiO, reveals an initial CO,
adsorption/activation step via carbonate/bicarbonate species
followed by the formation of methylene and formate species,
which are tentatively identified as the hydrocarbons intermediates
through a carbene reaction pathway38. In addition, Ag 3d signals
in UHV and dark conditions reveal the coexistence of Ag® and Ag
T species (Supplementary Figure 6A). After UV irradiation, the
AgP content increases due to the progressive reduction of silver
oxides (Supplementary Figure 6B).

Raman studies (Supplementary Figure 7) show that the fresh
Ag/TiO, surface is covered by different carbon species adsorbed
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Fig. 3 In situ NAP-XPS spectra of Cls a and O1s b signals recorded for Ag/TiO, under the following conditions (from bottom to top): UHV; after dosing
CO, and Hy0 (Pcop = 4.375 x 10~2mbar and Proo 6.250 x 10~3mbar; Proa = 5 x 10~2mbar); and subsequently exposed to UV irradiation (365 nm)

from ambient air. The observed bands are assigned to linear and
bent adsorbed CO,, bicarbonate as well as bidentate and
monodentate carbonates®®. After reaction, some changes are
observed, mainly related to a significant increase of adsorbed
CO32~ and HCO;~ species and the appearance of formate species
(1366 cm™!) as a possible reaction intermediate?®, in good
agreement with NAP-XPS studies. The increase in the bands

due to bent CO, structures may be the consequence of the
generation of CO,~ species coordinated to metal ions. In
addition, it is worth highlighting the appearance of a new Raman
band at a shift of ca. 910 and 985 cm™! assigned to the vo_o
vibrational mode of surface peroxo Ti(O,)*! and peroxocarbonate
species (CO42~ and C,0427)3%42, respectively. This observation
suggests that the formation of both peroxidised species arise, on
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Fig. 4 Photo-induced charge transfer in the Ag-TiO, interface: a Temporal profiles of transient absorption decays of Ag/TiO, and TiO, films, probed at
460 and 650 nm after excitation at 355 nm (350pJcm~2, 1Hz) and b two-dimensional plot of the transient absorption spectrum of an Ag/TiO, (5s) film
after UV excitation (355 nm, 350uJcm~2). ¢ Photocurrents at different applied potentials under UV irradiation and d electrochemical impedance
spectroscopy at OV vs. Ag/AgCl for TiO, and Ag/TiO, under dark and illumination conditions (inset: electrical circuit used for the data fitting)

the one hand, from hole capture by CO32~ and HCO5~ and, on
the other hand, from partial oxidation of water. This could
prevent O, from being detected as the outcome of H,O oxidation.

Photo-induced charge transfer. In situ charge transfer studies
using UV-vis (UV-visible) diffuse reflectance spectroscopy
(DRS) at 365 nm irradiation (Supplementary Figure 8) show the
quick formation of a broad band assigned to the surface plasmon
resonance (SPR) of silver*>#4, Before irradiation, only an intense
absorption band with an onset at 380 nm is observed due to the
band gap transition of TiO, (c.a. 3.2 eV). After 1second of UV
irradiation, a visible absorption appears as a broad band covering
the range 400 - 700 nm and centred at about 500 nm, which is
attributed to the SPR absorption of Ag® NPs*»*4, During UV
irradiation, the intensity of the plasmon band increases with a red
shift in the peak position (~80 nm), indicating a slight increase in
the Ag particle size?2. It is also noteworthy that after 5 min the
plasmonic band did not show any significant change, indicating
the high rate of Ag NPs photoreduction (Supplementary Fig-
ure 8). A concomitant decrease in the intensity of the UV
absorption band is also observed. This behaviour is representative
of the progressive formation of Ag’ due to the flow of photo-
generated electrons in the conduction band of TiO, towards
surface Ag oxides. The formation of Ag? species is consistent with
previous NAP-XPS observations (Supplementary Figure 6), and it
is clearly noticeable by a darkening of the sample due to Ag NPs
photochromism (Fig. 3a inset)*>.

Elucidation of photo-induced charge transfer dynamics is vital
to understand the subsequent photoredox reactions, and there-
fore they are addressed herein by the use time-resolved spectro-
scopy and photoelectrochemical characterisation techniques
(Fig. 4). Transient absorption spectroscopy (TAS) experiments
under UV irradiation confirm the electron scavenging ability of
metal NPs. The Ag/TiO, spectrum displays a maximum
absorption peak at 460 nm (Fig. 4a). This spectrum is assigned
to the combination of signals arising from the accumulation of
photoholes in TiO,*47 and a blue shift of the Ag plasmon
absorption band due to confinement of photogenerated electrons
by the generated interfacial depletion layer*. A bleaching signal
appears in the 500-650 nm region (Supplementary Figure 9) that
corresponds to the disappearance of the plasmon absorption
band. Similar results have been reported in the literature for
Ag@TiO, core-shell composites*. It is worth noting that the
steady-state absorption of Ag NPs shows its maximum at ca. 500
nm (Supplementary Figure 8), while the transient absorption
bleach of the SPR ground state appears ~150 nm red-shifted
(Fig. 4b). We assign this shift to the fact that, at 500 nm, the
positive-TAS signal corresponding to TiO, holes and the blue
shift of the plasmon absorption band overlap with the negative
signal of the SPR bleach, and masks the maximum absorption
wavelength of that bleach. The absorption spectrum of the Ag
SPR did not change during these spectroscopic measurements,
confirming the stability of the sample under irradiation
(Supplementary Figure 10).
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To determine the effect of charge separation on the photo-
catalytic improvement, the lifetime of charge carriers in Ag/TiO,,
deduced from TAS measurements, were compared to that of bare
TiO,. The lifetimes of electrons and holes in titania (measured at
900 and 460 nm, Supplementary Figure 11) show identical
kinetics assigned to bimolecular recombination”#*>0 on the
microsecond-millisecond timescale (¢5q9, ~50us). The deposition
of Ag NPs onto TiO, results in an eight fold-increased transient
absorption signal amplitude of photoholes, compared to TiO,,
indicative of the accumulation of long-lived holes in the VB of the
semiconductor upon electron transfer to Ag NPs (Fig. 4a). The
lifetime of these holes is also increased by three orders of
magnitude (fsg¢, =0.5 s), demonstrating the suitability of using Ag
NPs to suppress the electron/hole recombination in the
semiconductor. We note, however, that both direct electron
transfer and recombination reactions start occurring at a faster
timescale than the resolution limit of our instrument. The decay
kinetics of Ag/TiO, photoholes exhibits primarily a monoexpo-
nential decay with a small increase in the signal amplitude at 460
nm in the 107>-102 s timescale (Fig. 4a). The decays of Ag/TiO,
probed at 650 nm show an increasing negative amplitude of the
bleached signal over the same range of timescales (Fig. 4a). We
assign both behaviours to the kinetics of electron transfer between
TiO, and Ag NPs (ts5q¢, ~50us), with the negative signal at 650 nm
corresponding to the disappearance of the ground state plasmon
absorption band, and the rise at 460 nm to the appearance of a
blue-shifted absorption of the Ag plasmon band. The decrease in
the photogenerated electron/hole recombination rate is also
corroborated by photoluminescence (PL) studies, where the Ag/
TiO, catalyst shows a quenching of PL that increases with silver
loading (Supplementary Figure 12).

Photocurrent densities obtained in a three-electrode config-
uration photoelectrochemical cell at different bias potentials and
under UV illumination exhibit an improvement of ca. 0.1 mA cm
~2 when Ag NPs are supported on TiO, (Fig. 4c). This confirms
that the presence of silver NPs decreases the electron recombina-
tion and enhances the charge transfer and separation. Moreover,
EIS has been performed under dark and illumination conditions
at different bias potentials, and the Nyquist plots at 0V vs. Ag/
AgCl (Fig. 4d) show that the resistance of the TiO, space charge
region decreases from 81 to 36+0.5kQ) when Ag NPs are
supported on bare TiO,. These values have been obtained
through a simulation using the equivalent electric circuit depicted
in the inset of Fig. 4d. The fitting results obtained at different bias
potentials and under dark and illumination conditions are
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presented in Supplementary Figure 5 and Supplementary Table 4.
These results are in good agreement with previous TAS
observations, since they confirm a significant improvement in
Ag/TiO, charge transfer compared to bare TiO,.

Consequently, our experimental results indicate that, under
UV illumination, Ag NPs in direct contact with the semicon-
ductor can efficiently scavenge the photogenerated electrons from
the TiO, conduction band, while the holes accumulate at the VB
of the oxide. This spatial separation of charge carriers results in
an increased lifetime up to the second timescale. We can observe
two main effects derived from this charge separation: on the one
hand, the accumulation of electrons in the Ag NPs can explain
the higher formation of more electron-demanding products in
Ag/TiO, compared to bare TiO,. On the other hand, photo-
generated holes show a lifetime of t54, ~0.5 s (Fig. 4a). It has been
reported that the water oxidation reaction at the surface of TiO,
takes place in the 100 ms timescale?’. Therefore, the charge
separation induced by the electron transfer from the TiO, to the
metal NPs is sufficient to allow water to be the electron source for
the CO, reduction.

In summary, NAP-XPS and TAS measurements reveal the
formation of C-H intermediates on Ag/TiO, under UV
irradiation of a CO, and H,0 atmosphere, in good agreement
with the CH, formation. Considering that the photoreduction of
CO, consists in a multi-electron transfer process, limited by
charge recombination, the improved activity of Ag/TiO, towards
hydrocarbons can be explained by a decrease in the e /h™
recombination rates, as addressed in TAS and PL studies.

One of the most interesting properties of Ag/TiO, interfaces
is their ability to catalyse photoredox reactions under visible
light. However, the pathways involved in this reaction are still
under debate in the literature. A critical factor is the photo-
induced charge dynamics and their effect on the reactivity and
product distribution in CO, photoreduction. This influence can
be clearly observed in the photocatalytic reaction performed
using a Ag/Ti0, catalyst under visible irradiation (A = 450 nm),
which leads to the production of CH3;0H, CH, and CO, whilst
bare TiO, does not show any photocatalytic activity (Fig. 5a).
This results contrast with the experiments performed at A > 400
nm, in which both catalysts showed photoactivity towards
CH;0H, H, and CO, but only Ag/TiO, was active for the
formation of CH,. These data show that the interfacial synergy
between plasmonic Ag NPs and the semiconductor leads to
unexpected photocatalytic activity under visible light consider-
ing the band gap of TiO..
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Fig. 5 Visible-light irradiation. a Cumulative production (pmolg..;~") of TiO, and 1.5Ag/TiO, in the photocatalytic reduction of CO, with water after 15 h
under visible irradiation (cut-off filters at 400 and 455 nm). b Two-dimensional plot of the transient absorption spectrum of an Ag/TiO, film excited with
visible light (510 nm, 350pJcm=2). All experiments were performed under N, atmosphere
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Fig. 6 Schematic diagram of the charge dynamic processes in Ag/TiO,, when exciting with a UV and b visible light. The main recombination pathways are
represented with dashed arrows. CB conduction band, VB valence band, Sg, ub-band-gap states. Magnification of the reaction intermediates observed in
this work (top). Atoms colour: titanium (light grey), oxygen (red), carbon (yellow), hydrogen (white) and silver (dark grey). Dashed lines indicate possible

interaction with surface hydrogen

To explain this results, in situ UV-vis DRS spectroscopy was
also used to investigate the charge transfer under visible
illumination (A =410 nm) at the Ag/TiO, interface by following
the evolution of the surface plasmon band (Supplementary
Figure 13). The formation of the SPR band is clearly observed
under these conditions, although with a remarkable lower
intensity of two orders of magnitude compared with the
experiments under UV illumination. This led to a lower
photoreduction rate of Ag NPs, being necessary 8 h to achieve
the complete reduction of silver. This behaviour indicates that
irradiation at wavelengths closer to the TiO, band gap leads to
electron transfer from surface sub-band gap states of the
semiconductor to Ag NPs, although at a considerably slower
rate than under UV irradiation due to the high recombination
rate of photogenerated TiO, electrons?31.

TAS measurements under visible-light excitation (A, =510
nm) of Ag/TiO, reveal a small transient absorption band
extended up to 750 nm (Fig. 5b and Supplementary Figure 14A),
with its maximum absorption at 500 nm. This signal is enhanced
when exciting at wavelengths corresponding to the maximum
absorption of the Ag NPs plasmon (Supplementary Figure 15).
The transient absorption decays have a tsq0 ~180 us (Supple-
mentary Figure 14B), with the signal being practically zero at 10
ms, indicating that Ag NPs are not being irreversibly oxidised to
Ag™ upon excitation with visible light. Thus, visible-light
excitation of Ag/TiO, results in shorter-lived transient absorption
decay that had smaller signal amplitude compared to the one
obtained when exciting the sample with UV light. This decay is
assigned to a smaller generation of charge carriers, which explains
the lower efficiency of visible-light-driven CO, reduction
compared to UV excitation. To verify that the TAS signal arises
from the interaction between the TiO, and Ag NPs, control
measurements were  performed. No signal in the
microsecond-second timescale was observed while irradiating
an aqueous Ag NPs suspension (0.02 mg mL~1) in the absence of

TiO, under UV or visible light, or when exciting a bare TiO, film
with visible light (Supplementary Figure 16).

To sum up, we have reported operando spectroscopic evidence
and theoretical insights for the unique CO, photoreduction
performance of Ag/TiO, under UV and visible irradiation. We
show that the strong interfacial dielectric coupling between
plasmonic metal NPs and TiO, leads to the formation of surface
sub-band gap states, which are the key actors to promote an
efficient separation of photogenerated charge carriers and a
consequent enhanced selectivity towards highly electron-
demanding products. Under UV irradiation, Ag/TiO, is highly
selective towards CH, (Fig. 6a). This improved reactivity to
methane is attributed to the electron scavenging ability of Ag
NPs, which results in a lifetime of charge carriers increased by
three orders of magnitude compared to bare TiO,. In situ studies
support not only this charge transfer but also the formation of
C-H intermediates in the pathway to methane following the
carbene mechanism (Supplementary Figure 17). Ag NPs are also
indispensable for the visible light-induced photoactivity, pre-
dominantly towards CH;OH. Our results suggest that the strong
interfacial Ag-TiO, interaction induces photogenerated electro-
nic transitions from intra-band gap surface states, allowing the
formation of electron/hole pairs in the near-surface region.
Shorter-lived transient absorption decay under visible excitation
indicates a smaller generation of charge carriers, which explain
the decrease in photoactivity and the shift of selectivity to lower
electron-demanding products such as CH;OH (Fig. 6b). Our
studies go a step forward in the understanding of light-induced
charge transfer processes on plasmonic metal/semiconductor
interfaces for CO, photoreduction. The successful combination of
in situ surface and time-resolved spectroscopic techniques with
DEFT calculations has shed light on the phenomena occurring in
the photocatalytic reaction at different timescales, revealing the
key factors that determine the photoactivity of Ag NPs under UV
and visible irradiation. Application of the interconnected
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strategies described here will enable the development of a wide
range of emergent light-controlled materials and reactions.

Methods

Materials and synthesis. All chemicals were purchased from commercial sup-
pliers and used without further purification. Anatase-type TiO, was obtained from
Crystal ACTIVI™ (PC500, Lot Number 6293000586), and it was stabilised with a
thermal treatment at 400 °C for 4 h prior to use. A commercial sample was selected
in order to minimise the experimental error and perform systematic measurements
with good reproducibility.

Ag/TiO, powdered catalysts were prepared by a wet impregnation procedure.
An aqueous AgNO; solution (0.5-3.0 Ag wt%) was added to a conical flask
containing commercial anatase-type TiO,. The mixture was mixed in a rotary
evaporator at 40 °C until water was completely removed. The resulting product was
dried at 100 °C for 13 h, ground and calcined in air at 400 °C for 4 h. In order to
ensure the complete reduction of Ag, freshly prepared Ag/TiO, NPs were
irradiated for 15 min with UV light (365 nm, 10 W deuterium lamp).

For spectroscopic measurements, analogous nanocrystalline Ag/TiO, films were
employed. Firstly, anatase TiO, films were prepared from a colloidal paste by the
Doctor Blade technique as reported previously>2. Films were dried for 10 min
before being calcined in air at 450 °C during 30 min, and cut in small pieces of
approximately 1 cm x 1.5 cm. The resulting thicknesses were 4 um, measured by
profilometry (Tencor Instruments). Ag/TiO, films were prepared by coating Ag
NPs over the TiO, films by photodeposition of an aqueous AgNO; solution (0.1
M). The silver content was adjusted by varying the irradiation time with a xenon
lamp (75 W) in a range of 5-60 s. To ensure that all Ag* was reduced to Ag, the
films were irradiated for 1h under a N, atmosphere with a Nd-YAG laser (Big Sky
Laser Technologies Ultra CFR) with a wavelength of 355 nm (1 mJ cm~2,10Hz, 6
ns pulse width). A commercial aqueous dispersion of Ag NPs (10 nm, 0.02 mg mL
~1) was used as a control in spectroscopic measurements.

Photocatalytic CO, reduction tests. Experiments were conducted in continuous-
flow mode in a home-made reaction system. The powdered catalyst (0.1 g) was
deposited on a glass microfiber. Illumination was carried out using four 6 W lamps
with a maximum wavelength at 365 nm and an average intensity of 47.23 W m—2
(measured by a Blue-Wave spectrometer in the range 330-400 nm). A 30 W white
light-emitting diode (LED), with cut-off filters at 400 or 455 nm, was used for
visible-light illumination (average intensity 53.89 W m~2 measured in the region
400-600 nm). Compressed CO, (299.9999%, Praxair) and water (Milli-Q), were
passed through a controlled evaporation mixing unit, maintaining a molar ratio of
7.25 (CO,:H,0). The reaction conditions were set at 2 bar and 50 °C. In-line gas
chromatography (Bruker 450-GC) analyses were performed to detect the reaction
products. The GC is equipped with two separation branches, one equipped with
two semicapillary columns (BR-Q Plot and BR-Molesieve 5A) and one thermal
conductivity detector, a flame ionisation detector (FID) and a methanizer. The
second separation branch consists on a capillary column (CP-Sil 5B) and a second
FID. Before starting the experiments the reactor was first degassed under vacuum
and then purged for 1 h using argon (100 mL min~!) to remove any residual
organic compounds weakly adsorbed to the surface of the catalyst. Then, the
reactor was flushed with the CO, and water mixture for 1h to establish an
adsorption—desorption balance at the reaction temperature.

General characterisation. The silver content of the catalysts was determined by
inductively coupled plasma-optical emission spectrometry analyses with a Perkin
Elmer Optima 3300 DV instrument by digesting the solid in a mixture of HF and
HNO;. This content was slightly lower than the nominal concentration due to a
loss of metal during the washing step of the synthesis. Specific surface areas were
calculated from N, adsorption-desorption isotherms at 77 K measured on a
QUADRASORB instrument. The samples were degassed under vacuum at 105 °C
for 20 h in N, before the measurement. Crystal structures were characterised by X-
ray diffraction that was performed using a Philips PW 3040/00 X'Pert Multi-
Purpose/Materials Research diffractometers with Cu Ka radiation (A =1.54178 A)
at a scanning rate of 0.2 ps~!. Morphology studies of the particles was performed
using a Philips Technai 20 Transmission Electron Microscope, operating with a
tungsten filament working at 200 kV. To perform the measurements, the powdered
samples were suspended in acetone and a drop of that suspension was deposited on
a copper microgrid. Raman spectra of the catalysts, before and after reaction, were
recorded at room temperature using a JASCO NRS-5000/7000 series spectrometer
with an excitation wavelength of 532 nm. PL experiments were carried out with a
Fluorescence Spectrometer Perkin Elmer LS 55, using an excitation wavelength of
300 nm and a cut-off filter at 350 nm.

Theoretical calculations. Theoretical calculations by periodic DFT were carried
out using an Agg cluster with fcc structure and surface formed by (111) planes.
Initially Ag atoms were connected to O bridge atoms of a 114 atom TiO, NP with
anatase structure®>. Geometry and electronic structure were performed using the
projected augmented wave method implemented in Viena ab initio simulation
package®®%°. The total energies corresponding to the optimised geometries of all
samples were calculated using the spin polarised version of the

Perdew-Burke-Ernzerhof*°. In addition, the Heyd-Scuseria-Enzerhof hybrid
functional (HSE06)*’, with a mixing parameter of 0.325, was used to fit a more
accurate energy gap. The cut-off for the kinetic energy of the plane-waves was set to
450 eV to ensure a total energy convergence better than 10~%eV. The cut-off for the
kinetic energy of the plane-waves was set to 500 eV to ensure a total energy and
force convergence better than 10~4eV and 0.01 eV/A3, respectively. The VESTA
package v.3.3.9 was used to represent the electron localisation.

Electrochemical and photoelectrochemical measurements. Electrochemical and
photoelectrochemical measurements were performed in a three-electrode glass cell
with a quartz window containing an aqueous solution of 0.5 M Na,SO; with a
pH=9. TiO, and Ag/TiO, powders suspensions were deposited by drop casting on
indium tin oxide glass and used as working electrode. The counter electrode was a
platinum wire, and the reference one was a Ag/AgCl electrode. Voltage, current
density (at dark and under illumination) and EIS were measured with a
potentiostat—galvanostat PGSTAT204 provided with an integrated impedance
module FRAII (10 mV of modulation amplitude is used at 400 Hz). A UV LED
lamp was used as light source. Measured light power density reaching the surface
sample is 80.4 + 0.2 mW cm?.

Near-ambient pressure X-ray photoelectron spectroscopy. In situ NAP-XPS
was measured with a PHOIBOS 150 NAP energy analyser at the CIRCE beamline
of the ALBA synchrotron light source. The CIRCE beamline is an undulator
beamline with a photon energy range 100-2000eV. In this work, data were
acquired with photon energy hv = 900 eV, using an analyser pass energy of 20 eV.
The beam spot size at the sample is 100 x 20 um?. Powdered samples were pressed
into round disks. Ag 3d NAP-XPS spectra were recorded in UHV and under both
dark and illumination conditions. In addition, C 1s and O 1s were acquired in
UHV and under a CO, and H,0 mixture. NAP-XPS experiments under illumi-
nation were performed using a high power UV LED (Hamamatsu Co.) with a
maximum emission centred at 365 nm. A Au foil was taken as reference. These
studies were performed as follows: ultrapure water (LC-MS CHROMASOLV®
grade, Sigma-Aldrich) was introduced into the chamber through a variable high
precision leak valve after being degassed by multiple freeze-pump-thaw cycles.
CO; (purity = 99.995%, Abellé Linde) was introduced into the chamber directly
from a commercial cylinder. The gases were admitted in the chamber using a leak
valve until reaching a base pressure of 5 x 10~2mbar (4.375 x 10" 2mbar and
6.250 x 10~3mbar of CO, and H,0, respectively). Data were collected using the
SpecsLab software.

Light-induced charge transfer measurements. UV-vis DRS of powdered sam-
ples were obtained by a Perkin Elmer Lambda 1050 UV/vis/near-infrared spec-
trometer using a deuterium lamp (10 W, A = 200-400 nm) and a tungsten halogen
lamp (30 W, 1 >400 nm). Reduction kinetic studies were performed by irradiating
Ag/TiO, samples with UV (LED 1 W, A = 369 nm) and visible light (10 W lamp, A
=410 and 500 nm) for different periods of time.

The microsecond-second transient absorption decays were measured using a
home-built system as reported elsewhere?. The third harmonic of a Nd:YAG laser
(Big Sky Laser Technologies Ultra CFR Nd:YAG laser system, 6 ns pulse width, Ay
=355nm) was used to excite Ag/TiO, samples with UV light. A commercially
available optical parametric oscillator (Oppolette) pumped by an Nd:YAG laser was
used to excite the sample in the range of 410-700 nm (pulse width <20 ns). The
laser intensity was adjusted using neutral density filters as appropriate, with
experiments typically employing 350 uJ cm~2. The decays observed were the
average between 500 and 1000 averages laser pulses. The data were processed
using home-made software based on Labview. Prior to each TAS measurement,
samples were degassed with N, and irradiated for 1 h with 355 nm UV light (1 mJ
cm—2).

Bare TiO, and Ag/TiO, PL spectra show a broad band from 350 to 600 nm
(3.5-2.1eV) composed by multiple emission contributions (Supplementary
Figure 12). The UV emission peak at ca. 396 nm is attributed to the band-to-band
radiative recombination process with wavelength close to the band gap of anatase
(Eg=3.2€V; 387 nm).

Data availability
The data sets within the article and Supplementary Information of the current
study are available from the authors upon request.

Received: 21 June 2018 Accepted: 25 October 2018
Published online: 26 November 2018

References

1. Armstrong, R. C. et al. The frontiers of energy. Nat. Energy 1, 1-8 (2016).

2. Chu, S. & Majumdar, A. Opportunities and challenges for a sustainable energy
future. Nature 488, 294-303 (2012).

8 | (2018)9:4986 | DOI: 10.1038/541467-018-07397-2 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Senftle, T. P. & Carter, E. A. The holy grail: chemistry enabling an
economically viable CO, capture, utilization, and storage strategy. Acc. Chem.
Res. 50, 472-475 (2017).

Ozin, G. Grasping Our Growing Gigatonne CO, Challenge. http//
materialsviews.com/grasping-growing-gigatonne-co2-challenge. Accessed 6,
2018

Kamat, P. V. Semiconductor surface chemistry as holy grail in photocatalysis
and photovoltaics. Acc. Chem. Res. 50, 527-531 (2017).

Su, J. & Vayssieres, L. A place in the sun for artificial photosynthesis? ACS
Energy Lett. 1, 121-135 (2016).

de la Pena O’Shea, V. A., Serrano, D. P. & Coronado, J. M. in From Mol. to
Mater. to Artif. Photosynth. (ed. E.Rozhkova, K. A.) 171-191 (Springer,
London, 2015).

Vogt, C. et al. Unravelling structure sensitivity in CO, hydrogenation over
nickel. Nat. Catal. 1, 127-134 (2018).

Hou, W. & Cronin, S. B. A review of surface plasmon resonance-enhanced
photocatalysis. Adv. Funct. Mater. 23, 1612-1619 (2013).

Xie, S., Zhang, Q., Liua, G. & Wang, Y. Photocatalytic and
photoelectrocatalytic reduction of CO, using heterogeneous catalysts with
controlled nanostructures. Chem. Commun. 52, 35-59 (2016).

Kim, W., Edri, E. & Frei, H. Hierarchical inorganic assemblies for artificial
photosynthesis. Acc. Chem. Res. 49, 1634-1645 (2016).

Art Leaf Database—CO, Valorization by Artificial Photosynthesis. Available
at: http://www.artleafs.eu (2016).

Schneider, J. et al. Understanding TiO, photocatalysis: mechanisms and
materials. Chem. Rev. 114, 9919-9986 (2014).

Bai, S., Yin, W., Wang, L., Li, Z. & Xiong, Y. Surface and interface design in
cocatalysts for photocatalytic water splitting and CO, reduction. RSC Adv. 6,
57446-57463 (2016).

Tu, W., Zhou, Y. & Zou, Z. Photocatalytic conversion of CO, into renewable
hydrocarbon fuels: State-of-the-art accomplishment, challenges, and
prospects. Adv. Mater. 26, 4607-4626 (2014).

Collado, L. et al. Effect of Au surface plasmon nanoparticles on the

selective CO, photoreduction to CH,. Appl. Catal. B Environ. 178, 177-185
(2015).

Hou, W. et al. Photocatalytic conversion of CO, to hydrocarbon fuels via
plasmon-enhanced absorption and metallic interband transitions. ACS Catal.
1, 929-936 (2011).

Awazu, K. et al. A plasmonic photocatalyst consisting of silver nanoparticles
embedded in titanium dioxide. J. Am. Chem. Soc. 130, 1676-1680 (2008).
Meng, X. et al. Nanometals for solar-to-chemical energy conversion: from
semiconductor-based photocatalysis to plasmon-mediated photocatalysis and
photo-thermocatalysis. Adv. Mater. 28, 6781-6803 (2016).

Wu, K., Chen, J., McBride, J. R. & Lian, T. Efficient hot-electron transfer by a
plasmon-induced interfacial charge-transfer transition. Science 349, 632-635
(2015).

Clavero, C. Plasmon-induced hot-electron generation at nanoparticle/metal-
oxide interfaces for photovoltaic and photocatalytic devices. Nat. Photonics 8,
95-103 (2014).

Ma, X.-C,, Dai, Y., Yu, L. & Huang, B.-B. Energy transfer in plasmonic
photocatalytic composites. Light Sci. Appl. 5, 16017 (2016).

Tan, S. et al. Plasmonic coupling at a metal/semiconductor interface. Nat.
Photonics 11, 806-812 (2017).

Collado, L. et al. Enhancement of hydrocarbon production via artificial
photosynthesis due to synergetic effect of Ag supported on TIO, and ZnO
semiconductors. Chem. Eng. ]. 224, 128-135 (2013).

Cardon, F. & Gomes, W. P. On the determination of the flat-band potential of
a semiconductor in contact with a metal or an electrolyte from the
Mott-Schottky plot. J. Phys. D Appl. Phys. 11, L63-L67 (1978).
Mudiyanselage, K. et al. Importance of the metal-oxide interface in

catalysis: In situ studies of the water-gas shift reaction by ambient-pressure
X-ray photoelectron spectroscopy. Angew. Chem. Int. Ed. 52, 5101-5105
(2013).

Zhou, L. & Zachariah, M. R. Size resolved particle work function measurement
of free nanoparticles: aggregates vs. spheres. Chem. Phys. Lett. 525-526, 77-81
(2012).

Bluhm, H. et al. Methanol oxidation on a copper catalyst investigated using
in situ X-ray photoelectron spectroscopy. J. Phys. Chem. B 108, 14340-14347
(2004).

Zafeiratos, S. et al. A comparative in situ XPS study of PtRuCo catalyst in
methanol steam reforming and water gas shift reactions. Catal. Today 157,
250-256 (2010).

Ketteler, G. et al. The nature of water nucleation sites on TiO, (110) surfaces
revealed by ambient pressure X-ray photoelectron spectroscopy. J. Phys.
Chem. C 111, 8278-8282 (2007).

States, S. et al. Effects of simultaneously doped and deposited Ag on the
photocatalytic activity and surface states of TiO,. J. Phys. Chem. B 109,
2805-2809 (2005).

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Salmeron, M. & Schlogl, R. Ambient pressure photoelectron spectroscopy: a
new tool for surface science and nanotechnology. Surf. Sci. Rep. 63, 169-199
(2008).

Ohtsu, N., Masahashi, N., Mizukoshi, Y. & Wagatsuma, K. Hydrocarbon
decomposition on a hydrophilic TiO, surface by UV irradiation: spectral and
quantitative analysis using in-situ XPS technique. Langmuir 25, 11586-11591
(2009).

Liu, Q. et al. CO, activation on cobalt surface in the presence of H,O: an
ambient-pressure X-ray photoelectron spectroscopy study. Catal. Lett. 148,
1686-1691 (2018).

Toda, Y. et al. Activation and splitting of carbon dioxide on the surface of an
inorganic electride material. Nat. Commun. 4, 1-8 (2013).

Dimitrijevic, N. M. et al. Role of water and carbonates in photocatalytic
transformation of CO, to CH, on titania. J. Am. Chem. Soc. 133, 3964-3971
(2011).

Starr, D. E,, Wong, E. K., Worsnop, D. R., Wilson, K. R. & Bluhm, H. A
combined droplet train and ambient pressure photoemission spectrometer for
the investigation of liquid/vapor interfaces. Phys. Chem. Chem. Phys. 10,
3093-3098 (2008).

Habisreutinger, S. N., Schmidt-Mende, L. & Stolarczyk, J. K. Photocatalytic
reduction of CO, on TiO, and other semiconductors. Angew. Chem. Int. Ed.
52, 7372-7408 (2013).

Fresno, F. et al. Influence of surface density on the CO, photoreduction
activity of a DC magnetron sputtered TiO, catalyst. Appl. Catal. B Environ.
224, 912-918 (2018).

Chuang, C.-C., Wu, W.-C,, Huang, M.-C., Huang, L.-C. & Lin, J.-L. FTIR study
of adsorption and reactions of methyl formate on powdered TiO,. J. Catal.
185, 423-434 (1999).

Nakamura, R. & Nakato, Y. Primary intermediates of oxygen photoevolution
reaction on TiO, (Rutile) particles, revealed by in situ FTIR absorption and
photoluminescence measurements. J. Am. Chem. Soc. 126, 1290-1298 (2004).
Chen, L. ], Lin, C. ]., Zuo, J., Song, L. C. & Huang, C. M. First spectroscopic
observation of peroxocarbonate/peroxodicarbonate in molten carbonate. J.
Phys. Chem. B 108, 7553-7556 (2004).

Li, H. et al. Synthesis and study of plasmon-induced carrier behavior at Ag/
TiO, nanowires. Chem. Eur. ]. 18, 8508-8514 (2012).

Hirakawa, T. & Kamat, P. V. Charge separation and catalytic activity of
Ag@TiO, core-shell composite clusters under UV-irradiation. J. Am. Chem.
Soc. 127, 3928-3934 (2005).

Ohko, Y. et al. A. Multicolour photochromism of TiO, films loaded with silver
nanoparticles. Nat. Mater. 2, 29-31 (2003).

Yamakata, A., Ishibashi, T. & Onishi, H. Water- and oxygen-induced decay
kinetics of photogenerated electrons in TiO, and Pt/TiO,: a time-resolved
infrared absorption study. J. Phys. Chem. B 105, 7258-7262 (2001).

Tang, J., Durrant, J. R. & Klug, D. R. Mechanism of photocatalytic water
splitting in TiO,. Reaction of water with photoholes, importance of charge
carrier dynamics, and evidence for four-hole chemistry. J. Am. Chem. Soc. 130,
13885-13891 (2008).

Nilius, N., Ernst, N. & Freund, H.-J. On energy transfer processes at
cluster-oxide interfaces: silver on titania. Chem. Phys. Lett. 349, 351-357
(2001).

Tang, J., Cowan, A. J.,, Durrant, J. R. & Klug, D. R. Mechanism of O,
production from water splitting: nature of charge carriers in nitrogen doped
nanocrystalline TiO, films and factors limiting O, production. J. Phys. Chem.
C 115, 3143-3150 (2011).

Cowan, A. ], Tang, J., Leng, W., Durrant, J. R. & Klug, D. R. Water splitting by
nanocrystalline TiO, in a complete photoelectrochemical cell exhibits
efficiencies limited by charge recombination. J. Phys. Chem. C 114, 4208-4214
(2010).

Argondizzo, A., Tan, S. & Petek, H. Resonant two-photon photoemission
from Ti 3d defect states of TiO,(110) revisited. J. Phys. Chem. C 120,
12959-12966 (2016).

Ito, S. et al. Fabrication of thin film dye sensitized solar cells with solar to
electric power conversion efficiency over 10%. Thin Solid Films 516,
4613-4619 (2008).

Lamiel-Garcia, O., Ko, K. C, Lee, J. Y., Bromley, S. T. & Illas, F. When anatase
nanoparticles become bulklike: properties of realistic TiO, nanoparticles in the
1-6nm size range from all electron relativistic density functional theory based
calculations. J. Chem. Theory Comput. 13, 1785-1793 (2017).

Kresse, G. & Furthmiiller, J. Efficiency of ab-initio total energy calculations for
metals and semiconductors using a plane-wave basis set. Comput. Mater. Sci.
6, 15-50 (1996).

Kresse, G. & Hafner, J. Ab initio molecular dynamics for liquid metals. Phys.
Rev. B 47, 558-561 (1993).

Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation
made simple. Phys. Rev. Lett. 77, 3865-3868 (1996).

Heyd, J., Scusseria, G. E. & Ernzerhof, M. Hybrid functionals based on a
screened Coulomb potential. . Chem. Phys. 118, 8207-8215 (2003).

| (2018)9:4986 | DOI: 10.1038/541467-018-07397-2 | www.nature.com/naturecommunications 9


http://www.artleafs.eu
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

58. Momma, K. & Izumi, F. VESTA: a three-dimensional visualization system
for electronic and structural analysis. J. Appl. Crystallogr. 41, 653-658 (2008).

Acknowledgements

This work has received funding from the European Research Council (ERC), within the
projects Intersolar (291482) and HyMAP programme (648319) under the European
Union’s Horizon 2020 research and innovation programme. The results reflect only the
authors’ view and the Agency is not responsible for any use that may be made of the
information they contain. V.A.P.O. thanks funding from the Spanish Ministry of
Economy and Competitiveness (project ENE2016-79608-C2-1-R). A.R. acknowledges the
European Commission Marie Curie CIG. M.B. acknowledges the Juan de la Cierva
Formacion program: FJCI-2016-30567, V.A.P.O. acknowledges support from the Centre
of Supercomputacio de Catalunya (CESCA) and to ALBA Cells Synchrotron facilities.
Authors thank Dr. Xiaoe Li for assistance in TiO, films preparation. Support from the
Repsol Technology Centre in gratefully acknowledged.

Author contributions

L.C. synthesised and characterised the samples, and carried out the CO, photocatalytic
experiments. A.R. and J.D. designed and carried out the TAS measurements. L.C., F.F., J.
M.C. and V.A.P.O. performed the in-situ characterisation and made the NAP-XPS
measurements, in collaboration with V.P.D. and C.E. M.B. performed the electro- and
photoelectrochemical characterisation. V.A.P.O. made the theoretical calculations and
mechanistic studies. V.A.P.O. and D.P.S. conceived and designed the experiments. All
authors discussed the results and commented the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-07397-2.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

10 | (2018)9:4986 | DOI: 10.1038/541467-018-07397-2 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-018-07397-2
https://doi.org/10.1038/s41467-018-07397-2
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Unravelling the effect of charge dynamics at the plasmonic metal/semiconductor interface for CO2 photoreduction
	Results
	Photocatalyic activity
	Electronic band structure of the Ag/TiO2 heterojunction
	Mechanistic studies of CO2 photoreduction
	Photo-induced charge transfer

	Methods
	Materials and synthesis
	Photocatalytic CO2 reduction tests
	General characterisation
	Theoretical calculations
	Electrochemical and photoelectrochemical measurements
	Near-ambient pressure X-ray photoelectron spectroscopy
	Light-induced charge transfer measurements

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




