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ABSTRACT: Plasmonic photocatalysis via hot charge carriers
suffers from their short lifetime compared with the sluggish
kinetics of most reactions. To increase lifetime, adsorbates on
the surface of a plasmonic metal may create preferential states
for electrons to be excited from. We demonstrate this effect
with O adsorbates on a nanoporous gold electrode. Nanoporous
gold is used to obtain a broadband optical response, to increase
the obtained photocurrent, and to provide a SERS-active
substrate. Only with adsorbates present, we observe significant
photocurrents. Illumination also increases the adsorbate
coverage above its dark potential-dependent equilibrium, as
derived from a two-laser in situ SERS approach. Density
functional theory calculations confirm the appearance of
excitable states below the Fermi level. The photocurrent enhancement and broadband characteristics reveal the potential
of the plasmonic approach to improve the efficiency of photoelectrochemical water splitting.
KEYWORDS: chemical interface damping, density functional theory, hot electron, hot hole, nanoporous gold, photoelectrocatalysis,
surface-enhanced Raman spectroscopy

Photoelectrochemistry is currently considered the most
promising strategy towards a green and efficient solar
H2 fabrication via water splitting.1,2 Alternatively to

established semiconductor-based approaches, harvesting of
solar power and with this locally separating charges via a
plasmonic, that is, metallic photon absorber approach, is
currently under intense debate. Among several specific
challenges, one general bottleneck of the water splitting
reaction is the sluggish anodic oxidation reaction of oxygen
from water.3−6

In plasmonic water splitting, excited charge carriers shall
couple into the individual partial reactions. In detail, the
absorption of a photon creates an excited, or hot, electron
which can reduce a proton or water molecule. In an anodic
reaction, the remnant of electron excitation, called hot holes,
oxidizes hydroxide ions or water. Both processes are
determined by the damping of the metal’s plasmon polariton
and hence the absorption mechanism.7,8 Upon photon
absorption in metal nanostructures, the energy of one photon
can lead to the excitation of either a free sp-band or a localized
d-band electron over the metal’s Fermi energy to form a hot
electron.9 When neglecting field enhancement effects, this
excitation to an electron distribution far from equilibrium can

occur via different mechanisms: by electron collisions with a
phonon or impurity, by electron−electron scattering, by
interband transmission at high photon energies, or by
collisions with the surface, often referred to as Landau
damping.7,10,11 Hot electrons have a short lifetime, which is
determined by the scattering modes with other “cold”
electrons.12 Subsequent relaxation by further scattering leads
to a bath of thermalized or “lukewarm” carriers which will
further relax to finally heat the metal lattice.11 It is currently
under intense debate whether already found photoenhance-
ments of certain reactions are due to carrier transfer effects or
to enhanced reaction kinetics as a consequence of an elevated
surface temperature.10,13,14

To utilize hot carrier species for heterogeneous chemical
reactions several other points must be regarded: (1) the energy
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level ε of the species accepting the carrier must be compatible
with the energy level of the excited electron or hole after
absorption, that is, for electrons, this must be ε ≤ εi + ℏν (with
the initial energy level of the electron before excitation, εi,
Planck’s constant, ℏ, and the frequency of the photon, ν) and
for holes this will be ε ≥ εi.

15,16 When hot electrons are
injected into water to drive the reduction of free protons in
solution, ε is the energy of water’s conduction band (CBH2O)
that electrons are emitted into.16−18 When an adsorbate is
reduced, such as a thiol species, ε is the energy of the lowest
unoccupied molecular orbital (LUMO) formed as a con-
sequence of hybridization between the electronic states of the
metal and the molecule.15,19 This concept similarly applies to
oxidation reactions with holes being emitted into the valence
band of the surrounding medium, for example, water, or if an
adsorbate, for example, citrate, is present to be oxidized, the
relevant energy level is its highest occupied molecular orbital
(HOMO).20 (2) The average reaction time needs to be shorter
than the lifetime of both carriers before thermalization
excludes thermal effects as the origin for enhancement.
While the latter is in the range of 10−100 fs, the kinetics of
chemical reactions are usually much slower.12,19,21 (Note that
electrons predominantly relax via electron−electron collisions,
and their mean free path is 10−100 nm. With a Fermi velocity
of 1.4 × 108 cm s −1, this yields a mean lifetime of 10−100 fs.)
Electrochemistry enables to significantly increase the reaction
rate and hence decrease the reaction time by applying a certain
potential to the metal. An overpotential of 1 V can be
estimated to lead to a drop in this time to 17 fs for one proton
to be converted on a Au electrode, that is, within the lifetime of
a hot electron, whereas the same reaction takes approximately
5 μs at zero overpotential.23 (Rate constants are estimated via
Butler−Volmer equation with a charge-transfer coefficient of
0.5, room temperature, and an exchange current density of
10−6 A cm−2. The reaction times were determined based on a
bulk proton concentration of 1 μM which is decreased by up to
4.3 pH when approaching the electrode−electrolyte inter-
face.22). Simultaneously, this overpotential causes electrolytic
reactions to occur in parallel, that is via the transfer of non-
excited carriers, so that strong photoelectrochemical reaction
enhancements are frequently accompanied by dark cur-
rents.10,24

The available values for chemical reaction plasmonic
enhancements are still consistently low due to manifold
reasons: a high transfer barrier defines a wavelength selectivity,
high recombination rates of hot carriers limit the number of
transferred carriers, excitation of d-band electrons leads to
absorbed photons being “wasted” for generating unreactive
carriers, etc.16,25−27 Increasing the lifetime of hot carriers could
drastically improve the chance for them to contribute to the
conversion. Meanwhile, higher currents would be connected to
a decrease in overpotential (for the same reaction rates) of a
certain reaction. Lifetime prolongation can be realized by
injecting hot carriers into an adjacent phase, for example, a
semiconductor, but this approach requires another transfer
process between the semiconductor and the electrolyte where
the chemical reaction takes place.28 Although high injection
efficiencies of up to 45% were found for such injection from Au
into TiO2, the final transfer from the semiconductor into water
typically occurs (under dark conditions) at significantly smaller
rates than at a metal−electrolyte interface so that the total
efficiency is expected to be still very low.12,28−30

Alternatively, other excitation-transfer schemes were pro-
posed which are promising to prolong the lifetime of hot
carriers and couple them directly with chemical reactions.
Among them, a modified absorption−excitation process was
identified when adsorbate molecules are attached to the metal
surface (e.g., by electrochemical adsorption or a preceding
chemical modification processes), so-called chemical interface
damping (CID). CID is a plasmon damping channel which
becomes more important with increasing surface-to-volume
ratio (SVR).31−33 In contrast to Landau damping, CID might
lead to a charge dislocation between the metal and the
adsorbate with the carrier being located in both phases with
similar probability.34 This process is often considered as a
direct charge transfer and occurs from the metal to an
unoccupied hybrid molecular state of the adsorbate to produce
a hole in the metal.35−37 The opposite process, the excitation
of an electron from the hybrid-HOMO of the adsorbate to be
directly transferred into the metal creating a reactive hole in
the hybrid state, was proposed theoretically, but experimental
evidence for this transfer process is still lacking.33,38 The hole
in the hybrid state could participate very efficiently in the
reaction since its lifetime is significantly larger.
Creating hot carriers directly at the interface will lead to

highly reactive species. This process benefits from high-SVR
structures.16,17,31,39 In the past, more or less significant reaction
enhancements by hot carriers were frequently demonstrated by
a nanoparticle approach within which spectra of quantum
efficiencies frequently showed maxima that coincided with the
plasmon resonance effect.27,40−43 In addition, the variation of
the nanoparticle size does not allow to accurately conclude on
the influence of SVR variation since photoelectrodes cannot
stably be covered with a defined number of nanoparticles.16 A
surface effect, which can be identified from a plot of the
internal quantum efficiency vs. SVR, and its benefit toward
charge transfer could be accurately demonstrated if accurate
SVR variation is given.16 In contrast, using a plasmonic, yet
broadband absorbing material which is adjustable in its SVR
would allow valid conclusions. While additionally increasing
the total absorption, the plasmonic metamaterial of nano-
porous Au (npAu) enables such SVR variation. It is
constructed of a bicontinuous network of 15−40 vol.-% of
nanoscale Au struts (called ligaments).44 These are separated
by pores that, when used as an electrode, contain the liquid
electrolyte so that npAu provides a large contact area through
the high SVR.45 Furthermore, npAu generally exhibits a
reactivity which is higher than one would expect for flat
polycrystalline Au surfaces (hence, reaction times are lower
than at other Au surfaces so that more hot carriers could
couple into chemistry), while it shows its chemical stability,
besides a structural stability over a large range of
conditions.46−49 When npAu was applied as an emitter
material of hot electrons, its accurate SVR adjustability
previously enabled the separation of bulk and surface photon
absorption and electron emission.16 Being used as a photo-
electrode material within a photoelectrochemical approach, its
high metallic conductivity and its ligand-free surface50−52

enable addressing specific reactions via the applied potential as
well as an accurate quantitative determination of exclusively
charge-transfer events via the electrochemical current.53

Herein, we present experimental and theoretical evidence for
a direct charge transfer from an adsorbate state into the metal
on the broadband-absorbing plasmonic photoelectrode made
from npAu. We correlate values of photocurrent as a function
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of its feature size, potential, wavelength, and power combined
with surface characterization via in situ two-laser surface-
enhanced Raman spectroscopy (in situ 2L-SERS). This
approach screens the changes that occur at the surface during
the photoelectrochemical process and that are responsible for
the photocurrent. As both photocurrent and in situ 2L-SERS
intensity show an excellent congruence in their power,
potential, and wavelength dependences, we derive a mecha-
nistic picture for an adsorbate-mediated direct charge-transfer
process. In contrast to previous approaches, this effect is
efficient over the entire visible wavelength range.

RESULTS AND DISCUSSION
Samples. 100 nm-thin layers of npAu were produced from

white gold (Ag75Au25) leaves via potentiostatic dealloying as
reported earlier.54 The obtained porous sheets were stripped
onto a carrier material to use them as electrodes in a
photoelectrochemical cell (see Methods section for details).
SEM images of the electrodes (see Figure SI-1 left column)
show the typical bicontinuous porous mesostructure of
ligaments and pores. As can be seen from Figures 1A−D
and SI-1, their sizes could be increased in a stepwise manner
via thermal coarsening at 300 °C. The electrodes were not

disintegrated by this process, that is, we observe no ligament
rupture, no cracking of the porous thin layer, and no film
delamination (see Figure SI-1) so that the volumetric
shrinkage through coarsening is negligible and the electrodes
can be considered as stable simply being varied in their SVR.
The electrodes were further characterized by cyclic

voltammetry (CV). Figure 1E shows the typical features of
Au (hydr)oxide formation (in the positive scan) up to the
evolution of molecular O2 (oxygen evolution reaction, OER)
and, upon reversing the scan direction, Au (hydr)oxide
reduction. The height of all these signals depends on the
average ligament diameter L (for determination see Methods
section), that is, larger ligaments lead to lower currents since
the active surface area is decreased by coarsening. The inset in
Figure 1E shows the average ligament size L in its evolution
during the coarsening process. The integration of the oxidation
current in the CV delivers a charge. Based on a surface
oxidation mechanism under acidic conditions as suggested by
Conway et al., one can define a potential Eθ=1 at which a full
monolayer of OH is formed.57 As explained in detail in Section
SI-B, we further assume that in a potential range 1.35 V ≤ E ≤
1.44 V (all potentials in this manuscript refer to the reversible
hydrogen electrode, RHE), the dominant adsorbate species on
npAu is OH until a complete OH coverage is achieved at Eθ=1
= 1.44 V. In 1.44 V< E ≤ 1.63 V, it is O, in 1.63 V < E ≤ 1.80
V, a multilayer adsorption takes place, and when E > 1.80 V,
OER sets on. Please compare with the literature for a more
detailed description.55 The charge corresponding to a
monolayer gives an estimate of the ECSA (see Section SI-B
and Figure SI-2 for details). As expected, the ECSA is found to
decrease when the structures are coarsened according to ECSA
∼ L −1 (right axis in the inset of Figure 1E).
In situ SERS allows characterization of surface species that

evolve during the application of an electrochemical potential
(see Methods section and Section SI-C for details).55,58 SER
spectra of as-dealloyed npAu stripped onto a Au carrier (Figure
SI-3) show peaks at 360 and 1110 cm−1, which become
stronger than the background noise above 1.35 V. These peaks
can be attributed to different vibrational modes of Ag2O, a
remnant from the dealloying process.56 After a short annealing
step (within which L and, hence, the SERS enhancement factor
do not change significantly), both Ag peaks cannot be
identified clearly anymore (Figure 1F).59 In both samples,
one finds a broad peak between 405 and 700 cm−1 which sets
in between 1.35 and 1.4 V. This peak results from an overlap of
several geometrically slightly different vibrational modes of the
Au−O bond along a strongly curved surface.60 Together with
the above-mentioned mechanism of Au oxidation, we attribute
it to Au−OH species at the surface. Note that a separation
between Au−OH and Au−O cannot be expected under the
present conditions.60 The potential at which the Au−O signal
evolves coincides with the onset potential Eads of surface
oxidation observed during CV (Figure SI-2D) and is consistent
with that found for flat Au electrodes.55

It is known that dealloying of a Ag−Au alloy is a process in
which Ag dissolution and Au surface diffusion are balanced.61

Consequently, if Ag is not removed completely, it remains in
npAu within Ag-rich clusters which are “buried” by at least one
monolayer of Au atoms.48 Sub-surface Ag is known to increase
the oxophilicity62 of npAu, which is a possible origin for its
high catalytic activity.63,64 However, under annealing con-
ditions, Ag-rich clusters were also found to dissolve so that the
Ag concentration homogenizes over the entire structure and

Figure 1. Properties of the investigated npAu electrodes. (A−D)
Scanning electron micrographs of samples annealed at 300 °C for
2 (A), 4 (B), 6 (C), and 8 min (D) from which average ligament
diameters L were determined (see Figure SI-1 for details). (E)
Cyclic voltammograms of npAu electrodes (scan rate: 10 mV s−1)
in 0.5 M H2SO4 electrolyte. Inset: L (left axis) and the
electrochemically active surface area (ECSA, right axis) as
determined from the hydroxide adsorption peak in the positive
scan (see Methods section for details) vs. annealing duration. (F)
In situ SER spectra of npAu (after 2 min annealing) with applied
potential. Relevant peaks were attributed based on literature and
are marked according to their first evolution.55,56
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the concentration gradient between ligament surface and
volume becomes negligible at residual Ag concentrations >8
atomic %.65 According to energy-dispersive X-ray spectroscopy
(EDX), our samples contain 11−14 atomic % of Ag (see
Figure SI-1), that is, also the surface can be expected to expose
this (or even a lower) concentration of Ag. In this light, we
emphasize that the Ag2O species are found only in the sample
state after dealloying, that is, without an annealing step. On the
other hand, we can conclude that annealed samples expose a
negligible amount of Ag to the metal−electrolyte interface, that
is, in the top-most or a sub-surface layer. For this reason, the
further examination of the photochemical processes of

adsorbate formation and hole transfer shall therefore be
limited to these “clean” Au surfaces.

Photocurrent. As previously identified and as it can be
observed in the absorption spectra in Figure SI-4 (see Section
SI-D), the feature size L represents a parameter to tune the
broadband absorption property of npAu in its absolute height,
yet not in its spectral features, that is, spectral shifts as
observed earlier for rather incomparable npAu systems16,66−68

cannot be concluded. Electrodes with varying L were
employed as photoanodes in a three-electrode photoelec-
trochemical cell. Anodic photocurrents were measured in the
same way as in the previous report, that is, at constant

Figure 2. Results of the photocurrent measurements on annealed (2 min) npAu (A and B with ligament size L = 11 nm). (A) Current
transients at a static potential of E = 1.4 V (vs. RHE) at chopped illumination (positive peaks correspond to the current under illumination)
at different illuminating wavelengths for different incident powers P according to the available power Pmax of the instrument (see Figure SI-5
for its emission spectrum). (B) Obtained photocurrents Iph (left axis, for details of determination see section SI-E) vs. the absorbed power
Pabs (= P × A, with the absorption A taken from the absorption spectrum in Figure SI-4) and the relative enhancement of the photocurrent
compared to the base or dark current (right axis). (C) Slope of the linear regressions in (B) vs. wavelength λ (denoted as sensitivity) for all
different L, as indicated by the labels.

Figure 3. Dependence of photoanodic effect as expressed by the internal quantum efficiency η on (A) the wavelength λ for different ligament
diameters L (all at E = 1.4 V vs. RHE). (B) The dependence of η on the inverse of L (which is proportional to the ECSA, top axis) for
different λ. Data are displayed as offset stack to improve visibility. Unit scale is given and colored ticks on ordinate correspond to η = 0. (C)
On the applied potential E (lower plot). Additional plots in (C) indicate the correlation with the signal from CV (middle plot, see Figure 1E)
and the surface coverage, θAu−OH of npAu with OH as calculated therefrom (upper plot, for details see Section SI-B in Supporting
Information, all data for npAu with L = 11 nm).
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potential after a stable dark current had been established.16 As
can be seen in Figure 2A, illumination within a broad
wavelength (λ) range leads to immediate and significant
positive current jumps which are tunable by the respective light
power. Values and errors of the photocurrent Iph were
determined based on the differences in the dark and light
currents (see Methods section and Section SI-E for details)
after averaging over six jumps (giving a standard deviation
which we consider as the error in Iph). These are displayed as a
function on the absorbed light power Pabs (= P × A (λ, L) with
the incident source power P and the λ- and L-specific
absorption A as taken from Figure SI-4) in Figure 2B,
including linear fits. It can be clearly seen that the slope of Iph
vs. Pabs curve, which we denote as sensitivity, depends in a non-
monotonous way on λ. The dependence of the sensitivity on λ
is shown for all four samples in Figure 2C. Independent of L,
Figure 2C (and the different wavelength ranges recorded for
different values off L) suggests a maximum in sensitivity as a
function of λ, with higher values of L leading to smaller
photocurrents and hence smaller sensitivity, as expected.
Sensitivity is a rather empirical measure which requires

multiple measurements of Iph at varied P and is not capable of
expressing the efficiency of a potential charge-transfer process.
Instead, the number of absorbed photons Nabs that actually
lead to an excitation of a number Nh of hot holes related to
those which finally react gives the internal quantum efficiency η

η
λ

= = × ℏN
N

I

e
c

AP
h

abs

ph

(1)

where c is the speed of light in vacuum and e is the elementary
charge. Figure 3A illustrates spectra of η for all samples. It is
clearly visible that samples with smaller ligament structures
lead to higher efficiencies over the entire λ range.
A peak is observed between 537 and 592 nm, which is still

clearly visible for larger L. Although being located in the typical
λ range of the plasmon resonance of Au, we do not attribute
this peak to this effect. An attribution of absorption spectra
(which do not exhibit a clear resonance feature in absorption,
see Figure SI-4) to those of η appears vague, but we find that
the peak does not shift in position as one would expect from
the size dependence of plasmon resonance effects.69 To still
explain the origin of the peak, we suggest the following
explanation: When decreasing λ, the absorption of d-band
electrons contributes more and more to the total absorption
and creates holes in the d-band. As will be discussed below,
these do not contribute to the photocurrent so that a lower
value of Iph (see Figure 2) is normalized to still a high value of

A (eq 1) and a drop in η must result and to conclude the found
peak. Upon further decreasing the wavelength below 395 nm,
values of η again increase due to the increasing tendency to
ballistically emit hot holes into the electrolyte, in this case into
the effective valence band of water (VBH2O, see below).

18 This
process is similar to the emission of electrons into the effective
conduction band and occurs only under UV excitation.16,17 UV
radiation constitutes only 3% of the solar spectrum. If based
only on this effect, our approach would not utilize the
broadband optical absorption of npAu.
The photoemission of electrons is influenced by the SVR, as

was identified earlier via the npAu approach.16 The question
arises if a similar effect could be identified for the participation
of hot holes to a reaction in the visible wavelength range.
Figure 3B shows η as a function of 1/L (which is proportional
to the SVR, see inset of Figure 1E) for different excitation
wavelengths. From this plot, we observe an increase in η with
decreasing L for all λ. This increase is found to be linear for
highest λ (i.e., for 708 and 802 nm illumination), with a
tendency to form a plateau at smaller values of L when λ is
decreased to 454 nm. Below 454 nm, this plateau again
equalizes to give a straight line (at 368 nm) and finally the
flattening shifts toward larger L for the values obtained under
the lowest λ. Linear fits in Figure 3B (for all four points at 708
and 802 nm, for the three largest L values from 632 to 368 nm
and for the two largest L values for 335−307 nm) show a
common root at (46 ± 2) nm, that is, the size at which,
independent of λ, no more photoeffect can be expected. This,
we believe, can be attributed to the transition from a regime
where mainly electron−electron collisions in the bulk are
responsible for damping to a regime where free electrons
dominantly collide with the surface to transfer their momenta.
As this speculation requires more detailed and accurate data,
we would like to continue this discussion in a future
contribution.
The electrochemical approach enables the investigation of

surface reactions at different electrode potentials, E. As long as
E < 1.35 V, the CV (Figure 1E) shows no significant currents,
and the SER spectra in Figure 1F show no chemical change of
the surface. Iph is determined under constant E, while eventual
changes due to photovoltages70 are compensated by the
potentiostat.16,70 From the plot at the bottom of Figure 3C, an
increase in η is identified when E > 1.3 V, and a maximum for
all wavelengths is found at 1.4 V before the photocurrent again
drops for E > 1.4 V. Note that npAu layers on fused silica
showed a strong delamination from the substrate when E > 1.5
V (fused silica substrates were used to guarantee a single
optical transmission event through the layer and avoid

Figure 4. 2L-SER spectroscopy. (A) Schematic principle of experimental setup. (B) Comparison of SER spectra on a npAu electrode with L =
11 nm at the respective (increasing) potential E recorded without (thin lines) and under illumination (thick lines) with a 532 nm laser at P =
100 mW as a proof-of-concept that illumination leads to higher coverages.
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reflection from an eventual metal substrate to lead to a second
absorption) so that E ranges that are relevant for OER could
not be investigated. However, in Figure 3C, a correlation of the
plot of η vs. E with the positive scan of the CV (middle plot)
can be observed. Under the assumptions made for the
oxidation of the npAu surface (Section SI-B), the coverage
θAu−OH (upper plot in Figure 3C) was calculated, from which
the maximum in η can be attributed to an OH coverage of 1/4
of a monolayer (= 0.25 monolayer (ML)). It is important to
note that these coincidences still are not capable of
unequivocally revealing any causality between the photo-
current and the coverage.
2L-SERS. SERS enables the identification of near-surface

(i.e. adsorbed or in very close proximity) chemical species by
utilizing a near-field enhancement effect.59 For npAu electro-
des with small feature sizes and high SVR, one can expect a
high sensitivity since the screened surface will be larger than
the geometrically observed surface.71 When combining the
photoelectrochemical approach with in situ SERS, potential
photochemical reaction products could be characterized
directly. The in situ 2L-SERS method (see Methods section
and section SI-F for details, andFigure SI-6 for the laser
calibration) therefore utilizes a custom-made electrochemical
in situ SERS cell (see Figure 4A) with the Raman laser focused
onto the npAu electrode at the bottom of the cell. During the
acquisition of a spectrum, a second laser is focused on the same
spot to trigger the photochemical process. Under a static
potential E, a product formed by the photoelectrochemical
process can be characterized instantly via the Raman spectrum
provided that it has Raman-active vibration modes, such as the
Au−O bond. From Figure 4B, we observe the broad Au−O
vibration peak in the range of 405−700 cm−1 which sets in
between 1.3 and 1.4 V vs RHE in the spectra without
illumination (thin lines, consistent with Figure 1F). When
additionally illuminating the electrode with the 532 nm laser of
larger spot size, we observe no relevant additional peaks
(Figure 4B only shows the spectral range relevant for further
discussion; outside of this range no further signals were
observed). Note that Raman spectra can be considered
representative for the entire sample since they were
reproduced on multiple spots and from areas that are
significantly larger than typical microstructural and erroneous
features such as ligaments, cracks, or thickness variations,
respectively. On the other hand, at E = 1.4 V, we observe an
increase in the scattering intensity (and a decrease back to the
dark values when switching off illumination). The integral of
SERS intensity is linearly dependent on the concentration of
scattering species, that is, in this case, it is representative for
θAu−OH.

72 One can conclude that illumination causes the
formation of additional Au−OH species. To further strengthen
this conclusion, we carried out a systematic study of the effect
under variation of E, P, and λ. The results for selected
potentials are shown in Figure 5. Spectra similar to Figure 4B
for a non-annealed npAu sample can be found in Figure SI-7.
All spectra in Figure 5 were acquired under comparable

conditions for all values of λ, so that the integrated counts
within the given wavenumber range and hence the signal
intensity can be compared quantitatively. Please note that the
illuminated area among different lasers might be slightly
different due to different spot sizes of different lasers; however,
excitations occurring within these areas do not contribute to
the integral values as the Raman laser spot size is smaller than
that of the excitation laser. As a first observation, we again see

no changes in signal intensity when increasing P at E < Eads,
that is, before Au−OH is formed under dark conditions (1.2
V), which we regard as a further proof that photovoltages are
compensated by the potentiostat.73 Second, we observe that
the increase of the Au−OH peak intensity with increased P at
E = 1.4 V depends on the wavelength of the second laser.
Third, this behavior is not found after E had been increased to
1.5 V. At this potential, θAu−OH can be assumed ≈1 (since Eθ=1
= 1.44 V), that is, there is no more free site available that can
be oxidized by optically generated hot holes. As discussed in
the Sample Characterization section, SER spectra are not
capable of ruling out a further oxidation of the Au−OH species
to Au−O (within 1.44−1.63 V), and results show that this is
not connected to an increase in the total O content on the
surface (spectra at 1.5 V).
Figure 6A shows a summary of the second finding (the peak

area increase at the formation potential of Au−OH) as
represented by the peak integral determined within the 405−
700 cm−1 spectral range as a function of P. From this plot, it is
clearly visible that the obtained fits exhibit different slopes
depending on the wavelength in the same way as those of the
photocurrent in Figure 2C. When plotting the slope of the in
situ 2L-SERS signal to P vs. E (Figure 6B), we see that,
consistent with the sensitivity in Figure 3C, the signal intensity
increase is highest, that is, the Au−OH formation sensitivity is
highest, between the onset potential Eads of surface oxidation
and the subsequent peak potential (with θAu−OH = 0.25).
As every method that intends to show that hot charge

carriers participate in the ongoing (surface) chemistry should
be evaluated on whether it (exclusively) screens thermal
effects, we checked the influence of an increased electrolyte
temperature on the outcome of in situ SERS (no second laser).
In this experiment, we assumed that the surrounding
temperature will not be exceeded by a heating of the electrode
due to photon absorption. Furthermore, we can neglect any
thermal offset in the reference potential because the RHE used
was located in a separate compartment which was at room
temperature. Still, additional thermal potential differences
between the npAu electrode and the RHE might occur, but
these would similarly arise if plasmonic heating would be
evident. As a sole difference to the preceding measurements,
we note that the cell arrangement for the T adjustability was
different so that sample tilts (which sensitively result in SERS

Figure 5. 2L-SER spectra measured at npAu with L = 11 nm (2 min
annealing) under variation of the applied potential, the wavelength
of the second laser, and its power (according to the calibration
data in Figure SI-6).
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signal changes) could not be recognized, and hence the
focusing procedure gave a different optimum aperture and
exposure times leading to different noise levels, but not
different peak shapes upon sample change. Figure 6C shows
the SER spectra obtained under different electrolyte temper-
atures at E = 1.4 V. In this figure, we observe that a
temperature increase up to 66 °C (a temperature previously
identified to be sufficient to lead to significant catalytic rate
increases) in general does not lead to an increase, but to a
steady decrease in signal intensity.74 While the detailed
investigation of this effect shall be subject to future
contributions, we find that a 30 K temperature increase
efficiently cancels the Au−OH SERS signal. This, in contrast, is
not observed (see Figures 4B and 5) upon optical absorption
of up to 2.2 W laser power, that is, we cannot conclude on a
significant heating of the nanostructure by optical absorption.
Furthermore, we emphasize that our SERS measurements

screen the static equilibrium adsorbate concentration, that is,
the result of the adsorbate formation and decomposition
equilibrium:

+ − + ++ −Au H O Au OH H e2 F (2)

This equilibrium and hence the concentration of Au−OH is
dependent on E. As 2L-SERS showed an increase in this
concentration at a constant potential, we can conclude that
illumination causes a shift of the equilibrium coverage which is
independent of the applied potential.

Direct Charge-Transfer Mechanism. We find that the
highest values for η (Figure 3) and the most significant SERS
signal increases with illumination occur at θAu−OH ≈ 0.25.
Besides, we find a second peak for a SERS enhancement at 1.7
V, that is, between the onset of multilayer O adsorption and
OER, hence at an O coverage θAu−O ≥ 1. It is known that
adsorbates bind to the surface via hybridized metal−adsorbate
orbitals.75 The energy of the hybrid-HOMO can be obtained
from the density of states (DOS) of adsorbates on Au surfaces
calculated within the framework of density functional theory
(DFT, here using the software VASP.5.4.4, for details see the
Methods section).76,77 Figure 7A shows simplified surface
geometries (in a side view) of various surface geometries: a
clean and adsorbate-free Au(111) surface (top), which we

Figure 6. Results of 2L-SERS study on npAu with L = 11 nm (2 min annealing). (A) Au−O(H) peak integral at a potential E = 1.4 V vs. RHE
(within 405−700 cm−1) under illumination with different wavelengths of the second laser (indicated in the figure) vs. its power P
(normalized by the wavelength-specific value of absorption) including linear regression lines. (B) Slope of the linear regression lines in (A)
(left axis) vs. E (error bars result from the error in the slope as determined by linear regression in (A)) and comparison with the positive
scan from CV (right axis, taken from Figure 1E). (C) SER spectra (no second laser) recorded at E = 1.4 V and varied static electrolyte
temperatures.

Figure 7. Mechanism of direct excitation and hot hole transfer from hybrid binding orbitals to (np)Au. (A) Assumed adsorbate geometries
for the DFT calculation of the hybrid orbital energies (top: uncovered Au(111), bottom: Au(111) covered with 0.25 monolayer (ML)
hydroxide (OH) adsorbates). (B) Projected DOS for a clean (thin black) and OH-covered (bold red line) Au(111) surface from DFT
calculation (states of one surface atom are shown). (C) Excitation and transfer mechanism in the presence of 0.25 ML OH adsorbates at 1.4
V (which results in a shift of the Fermi level with respect to Nernst potentials of adsorbate formation and bandgap of water). The hybridized
orbital from DFT is shown by the idealized purple shape at the interface between (np)Au and the adjacent inner Helmholtz plane to the
electrolyte (green background). The bandgap of water is given by its valence (VBH2O) and conduction band (CBH2O). See text for description
of individual processes 1−6. Gray roman numbers represent oxidation numbers.
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assume as a representative for our case and the same surface
covered by 0.25 ML of OH adsorbates in a bridge-like
geometry (bottom).62 Note that the calculation for the
adsorption geometry for a fully covered surface (as would be
the case at E > 1.44 V) requires the assumption of a different
adsorption geometry, which we leave out of the scope of this
manuscript for now since the most significant effects in the
photocurrent signal are observed at lower coverages. DFT
(Figure 7B) finds that a clean Au surface exhibits no states
until the 5d-band onset at −1.46 eV (and a first peak at −2.05
eV). With 0.25 ML of OH, we find additional states that evolve
at −1.15 eV and −0.9 eV.
Within the framework of DFT, the calculation and

comparison of work functions of Au with and without surface
adsorbates allows a quick derivation of the minimum onset
energy. Calculating work functions usually requires testing of
additional computational settings, for example, typically
significantly more layers in the model systems are needed.
An adequate derivation and discussion of work functions, for
example, in dependence of the degree of adsorbate coverage
exceeds both scope and extent of the present contribution, will
therefore be supplied in detail in a follow-up contribution.
Taking the above observations on photocurrent and from

2L-SERS into account, we conclude on the reaction
mechanism as displayed in Figure 7C. At a potential of +1.4
V, the electronic states of Au will be shifted by 1.4 eV to more
negative energies (together with the energies of adsorbate-
binding orbitals) compared to the bandgap of water.78 This
results in a shift of the Fermi level of Au (the horizontal black
line in Figure 7B,C) toward the valence band of water (VBH2O)

and away from its conduction band (CBH2O). Figure 7C shows
the situation af ter this shift and with θAu−OH ≈ 0.25, that is,
where significant values of η as well as an increase in reaction
product concentration (Au−OH) are observed.
With adsorbates present, the hybrid-HOMO is filled and, as

the linear combination of atomic orbitals (LCAO, see Section
SI-G) reveals, has antibonding character, that is, can be
denoted with sπy* (see Figure SI-9). Analogous to other direct
excitation mechanisms (as summarized, e.g., by Kazuma et al.),
the absorption of a photon with energy hν (process 1 in Figure
7C) excites an electron from this hybrid-HOMO (analog to an
absorption under CID conditions), leaving behind localized
holes in the surface state (process 2a).75,79 Withdrawing
electrons from sπy* would consequently lead to a strengthening
of the Au−O bond. In the LCAO scheme (Figure SI-9), these
electrons represent free valence electrons of OH so that a
withdrawal will create an unpaired valence electron, that is, a
radical adsorbate species as shown after process 3a. Note that
Figure 7C shows only those excitation events that lead to a
chemical reaction.
Upon wavelength decrease from 1020 to 600 nm, we find an

increase in η. According to Figure 7C, the excitation from the
hybrid state elevates electrons above the Fermi level after they
have absorbed at least 1.15 eV. The dark red arrow in Figure
7C corresponds to the photon energy of 1.22 eV (λ = 1020
nm, the minimum that was available with our source) that
creates reactive holes in the adsorbate state and hence a
noticeable photocurrent since the excited electrons are
extracted (process 3c). The value of 1.15 eV was derived
from the minimum energy of the hybrid HOMO as calculated
by DFT. Note that an inhomogeneous broadening of the
hybrid-HOMO state due to different orientations and defects

on the Au surface might explain a smeared onset of η.
Decreasing λ causes an increased number of holes in the hybrid
state according to its energetic distribution so that η increases
steadily until 564 nm (2.20 eV, green arrow). One would
expect an edge-like characteristic originating from hybrid-state
hot electrons as soon as they can be injected above the Fermi
level. At approximately 2.2 eV, the absorption from the d-band
starts to contribute more to absorption than that of free
electrons and generates electrons above the Fermi level and
holes in the d-band.80 While these still contribute to
absorption, they cannot contribute to the reaction due to
their strong localization, and as η represents a normalization of
the photocurrent (which decreases) to the absorption (which
remains large), η decreases and concludes a peak.
Simultaneous to process 2a, free electrons in (np)Au can be

excited to create hot carriers within (and not on the surface of)
the metal (process 2b). So-formed hot holes will have a
lifetime which is similarly short as that of hot electrons and do
not lead to chemical reactions at the surface. If the photon
energy is sufficiently high, 6sp electrons which are at the
energy of the VBH2O can be excited (process 2b) to give holes
that are emitted into water to contribute to its oxidation in a
solution-based process.18 In contrast to these free holes, holes
in the d-band will be formed, but due to their very low
mobility,7 their contribution to the reaction at the surface can
be neglected. However, we conclude that excess electrons
which were formed by either mechanism (2a and 2b) and
which leave behind holes that participate in a reaction give a
measurable photocurrent (process 3c).
At θAu−OH < 1, it is likely that an OH adsorbate is

surrounded by a non-oxidized and uncovered Au atom
(Au(0)). When adding a H2O molecule which is the dominant
species within the inner Helmholtz plane (IHP), an
intermediate state forms via process 4. Au (0) donates one
electron to form a bond to the O atom of H2O so that Au(0) is
oxidized to Au(I), the water molecule loses one H atom to
form an adsorbed water molecule with the formerly adsorbed
OH group and a second adsorbed OH group forms on the
formerly non-covered Au (0) (process 5). Still, this state
represents an energetically unfavorable cationic species which
will further deprotonate (process 6) to finally form two
neighboring Au−OH species. Upon absorption of one photon
that creates one hot hole h+ inside the hybrid-HOMO, this
entire process thus creates an additional, excess (Au−OH)exc
(with respect to the E-dependent equilibrium coverage)
adsorbate species under the utilization of an existing Au−
OH adsorbate (Au−OH)ads) to give a photocurrent according
to the net equation:

+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ − + +
− + −Au(0) H O (Au OH) H e2

(Au OH)
exc

ads
(3)

which gives a photocurrent.
Figure 7C focuses on the participation of hot holes formed

on the photoanode. There we observe continuous dark and
photocurrents which imply a steadily ongoing OH adsorption
reaction (at E = 1.4 V, i.e., at E < Eθ=1, compared with the
current transients in Figure 2A). Over time this would cause a
full oxidation of the npAu photoanode, followed by the
formation of a multilayer oxide, that is, dissolution of the
electrode. As E < Emulti, we do not observe decomposition even
over prolonged durations. Consequently, the npAu surface is
obviously not coated with a thicker oxide layer (SERS intensity
for Au−O under both dark and illuminated conditions over
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time is constant). Instead, all (Au−OH) species that are
produced (via the dark as well as the direct mechanism) and
that exceed the potential-dependent equilibrium coverage (as
defined by E and the illumination parameters) must
simultaneously decompose to O2. Since there was no
observable gas formation at the photoanode surface, we
conclude that the amount of O2 generated within the observed
time is too low to exceed its solubility in water (8 mg L−1).
Note that further experiments with reduced pressure and a gas
chromatography quantification of O2 are required to confirm
this hypothesis.
Consequently and as indicated by the various excitation

wavelengths in Figure 7C, the process of hot hole-enhanced
adsorbate formation is, as observed, a true broadband effect
that happens at photon energies equal to the sπy* energy, that
is, is active under NIR wavelengths and with this can be
concluded to be advantageous over approaches that utilize
narrow wavelength ranges of significant absorption, for
example, by plasmon resonance.

CONCLUSION

Using of the full visible spectrum for plasmon-enhanced water
splitting has been demonstrated by a photoelectrochemical
approach with nanoporous gold as a single active light
absorbing and water oxidizing thin film electrode. At potentials
coinciding with the onset of surface oxidation, we observed a
significant jump-like current with illumination. Their height
(denoted as photocurrent) was linearly proportional to the
incident power over all visible wavelengths under investigation.
Thereby, the dependence of the photocurrent on the
illuminating wavelength shows a non-monotonous behavior
with the highest sensitivity values at green wavelengths.
Similarly, the internal quantum efficiency of the process
showed a peak at these wavelengths due to a transition in the
dominant absorption from sp-band electrons (which generate
reactive holes at large wavelengths) to d-band electrons (which
increasingly absorb light at shorter wavelengths, but generate
nonreactive holes) and finally to hot hole emission into water
at UV wavelengths. The variation of the surface-to-volume
ratio of the electrode revealed an exclusively surface-dominated
absorption process as long as features are kept smaller than 46
nm. Significant photocurrent values were found only at
potentials at which adsorbates are stable. Within a modified
surface-enhanced Raman spectroscopy approach, chemical
changes of the surface as a consequence of illumination were
monitored in situ. It revealed that illumination causes an
increased equilibrium coverage of Au−OH. In this respect, we
found the same qualitative dependence on potential, power,
and wavelength, as identified in the photocurrent measure-
ment. Density functional theory calculations showed an
additional energetic state which was found to be the highest
occupied hybrid molecular orbital of OH on Au. From this
state, electrons are directly transferred into states above the
metal Fermi level so that longer-lived and hence highly reactive
holes remain. These bind water to increase the already existing
OH coverage on Au. With this, the coverage can be concluded
to strictly affect photon absorption and a direct excitation-
transfer process which had been predicted, but yet not
experimentally verified. Although exhibiting comparably low
internal quantum efficiencies, the approach revealed its
potential in strong current increases and its broadband nature.

METHODS
npAu Synthesis. Nanoporous Au photelectrodes were fabricated

as reported previously.16 Briefly, white gold sheets (Au25Ag75,
Eytzinger Germany) of 100 nm nominal thickness were dealloyed
while swimming on a 1 M HClO4 (70% p.a., Merck, Germany)
electrolyte solution being contacted as the working electrode (WE)
via a Au wire from the top. A two-step potentiostatic dealloying
protocol of 60 min +0.837 V vs. a Ag|AgCl|3 M KCl (Metrohm
Autolab Germany) commercial reference electrode (RE) and a
polished Ag wire counter electrode (CE) and +0.937 V for 15 min
lead to the formation of self-supporting npAu sheets swimming on the
electrolyte solution. These were cleaned by carefully exchanging the
used electrolyte solution by deionized water with a syringe. The
addition of a few drops of ethanol after 5 min enabled the quick and
crack-free (see Figure SI-1) stripping of these layers onto the used
substrate. For absorption and photocurrent measurements, these were
acetone-cleaned fused silica microscope slides (Ted Pella, USA, cut to
2.5 × 2.5 cm2) which were functionalized with an organic monolayer
of 3-mercaptopropyltrimethoxysilane (MPTMS) by keeping the
substrate in a N2-bubbled 30 mM solution of MPTMS in toluene
for 60 min. After stripping, the layers were dried using a commercial
fan and stored under air. Annealing was performed in a lab oven
operated at 300 °C for varied durations 2−8 min.

Sample Characterization. Scanning electron microscopy (SEM)
was done in a Leo Gemini 1530 microscope equipped with an energy-
dispersive X-ray (EDX) detector by Oxford Instruments. The average
ligament diameter L was estimated based on top-view images at
250,000× magnification by averaging a number of 25 ligament widths
crossed by an imaginary image diagonal.61 Ag content was determined
by EDX from sample areas of 20 × 30 μm in size.

For electrochemical, SERS, and 2L-SERS measurements, npAu was
stripped onto a mirror-polished Au substrate (polishing with 3, 1,
0.25, and 0.05 μm for 2 min each using a diamond polishing paste
over a polishing gauze both by Buehler, Germany, cleaning for 3 × 2
min in water under ultrasonic agitation). The cells for all
electrochemical, SERS, and 2L-SERS characterization were cleaned
according to the following procedure: Overnight immersion of all
glassware into a KMnO4/H2SO4/H2O2 solution, followed by four
times cleaning in deionized water and four times boiling in deionized
water. The sample carried on the massive Au was characterized with a
μAutolab potentiostat by Metrohm, Netherlands, after overnight
immersion into an Ar(5.0)-flushed 0.5 M H2SO4 (Sigma-Aldrich,
Suprapure) electrolyte. All potentials refer to a Pt wire RHE (flushed
by 5.0 H2). The CE used was a flame-annealed Au wire. CVs were
recorded at varied scan rate (see Figure SI-2A) showing the typical
features of Au oxidation and reduction.

Optical absorption spectra of the samples were derived using a
spectrometer (PerkinElmer Lambda 1050). Similar to the samples for
photocurrent measurement, npAu samples for spectroscopic charac-
terization were cast onto fused silica substrates in order to prevent UV
absorption of glass. After drying, samples were immersed into a 0.5 M
H2SO4 electrolyte to soak, while excess liquid was removed before
spectroscopy. Absorption spectra were determined by subtracting
transmission, reflection, and scattering (measured using an integrating
sphere setup) contributions from 100%. Spectra of the optical
absorption A were taken from earlier results and are displayed in
Figure SI-4.16

Photocurrent measurements were performed as described priorly,
that is, npAu layers on fused silica substrates were installed as WE in a
photoelectrochemical cell by Zahner, Germany, exposing a circular
area of 1.8 cm diameter (2.54 cm2) geometric area to the illumination
of a wavelength and power-tunable light source TLS03 (emission
spectrum see Figure SI-5) while being in contact with a freshly
degassed 0.5 M H2SO4 (Alfa, Germany) electrolyte.16 In this cell, the
CE was a polished Pt wire and the RE a Ag|AgCl reference electrode
by BASi, USA, with an offset of −0.409 V to RHE. The entire setup
was shielded in a dark box and controlled externally by a Zahner
ZenniumX potentiostat. By the design of the cell, the diameter of the
illuminated area does not exceed the exposed circular sample area.
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The photocurrents were determined at different constant potentials E
under varied illumination conditions (wavelength λ and power P).
After a constant current under dark conditions was established, the
light was switched on and off for 5 s, respectively, and photocurrents
were determined from the jumps in the WE current by subtracting the
current in the dark from that under illumination in the moment of
switching by using linearly fitted current transients. This was done for
five pulses in series so that average photocurrents Iph could be
determined including a standard deviation from which we regard as its
standard error. Iph was related to the absorbed power Pabs = PA and
the photon energy Eph = ℏc/λ (ℏ is Planck’s constant, c is the speed of
light in vacuum) via the internal quantum efficiency η = IphEph/ePabs (e
is the elementary charge). The determined η values as shown in
Figure 3A are compared on an energy scale with the spectrum of the
density of states (DOS) as determined via density functional theory
(see DFT section). This comparison is displayed in Figure SI-6 for all
ligament diameters L.
In Situ SERS. In situ SERS measurements were performed in a

homemade electrochemical cell (see Figure 5A) similar to the above
electrochemical cell, but equipped with a quartz window for the
upside-down microscope geometry of the Horiba Yobin Yvon
LabRAM HR. The sample was immersed in the 0.5 M H2SO4
electrolyte (Sigma-Aldrich, Suprapure) and slightly pressed against
the quartz window. The details of the setup can be found elsewhere.81

The 632.8 nm 20 mW Raman laser was focused on the sample surface
via a 50× lens by maximizing the Raman signal intensity in a real-time
measurement.
2L-SERS. For 2L-SERS, an additional laser (compared to the

priorly described SERS measurement) was directed to the identical
spot on the sample as used for the Raman measurement, and its
power was controlled externally. The individual calibration curves of
the used lasers can be taken from Figure SI-7A, according to which
the laser power was ramped up stepwisely. The lasers were all made
by Civil Laser, China. For 450 and 532 nm lasers, we used a long-pass
filter with 570 nm cutoff wavelength as a filter in front of the
spectroscope, and for the 808 nm laser, we used a 700 nm short-pass
filter, both by Thorlabs. The use of both filters resulted in no signal
intensity loss in the relevant SERS wavelength range (640−690 nm),
as determined using a Si calibration sample, that is, throughout the
entire power spectrum of the second laser, no leaking laser intensity
reached the detector of the spectroscope as shown by Figure SI-7B
(signals in there were collected using a Si test sample so that the
typical Raman features of Si are visible). The only detectable effect is
found from the filter used in the system, namely a slight broadband
reduction of the Raman intensity due to laser reflection on the glass
filter. All SERS and 2L-SERS spectra were recorded under the same
conditions, that is, the same aperture (D0.3), same exposure time (60
s), and same number of measurement repetitions (three). In 2L-
SERS, excitation with different wavelengths was achieved by
exchanging the laser source and not shifting the measurement spot.
After baseline subtraction using the software LabRam by Horiba
Yobin Yvon, the Raman signal intensity was determined by automated
integration (using the start and end points as a basis for an integration
baseline) of the peak count values in the range 400−700 cm−1 using
Origin. 2L-SER spectra of as-dealloyed npAu illuminated by a 532 nm
laser compared to the respective spectra without illumination are
shown in Figure SI-8.
DFT Calculations. Spin-polarized density functional theory

(DFT) calculations were performed on atomic oxygen and OH
groups adsorbed on Au(111) slabs as a simplified model system for
npAu. The Au(111) was chosen because of its high thermodynamic
stability. We are aware of the broad surface facet distribution in npAu
which could lead to slight shifts in the resulting hybrid-HOMO
energy, but would like to limit the discussion here to the simplest
surface orientation.
In an experimental situation, we anticipate an inhomogeneous

broadening of the HOMO energy state when the adsorbate binds to
surfaces of different crystal plane orientations and defects on the
surface. The calculations were done using the plane-wave code Vienna
ab Initio Simulation Package VASP.5.4.4.76,82 The projector

augmented-wave method and periodic boundary conditions were
employed in the calculations.77,83 The exchange−correlation energy
contributions were calculated in the generalized gradient approx-
imation using the Perdew, Burke, and Ernzerhof parametrization.84

An energy cutoff of 550 eV and a k-point grid of 15 × 15 × 1 for a 2 ×
2 surface cell were chosen, allowing for a convergence within 1 meV/
atom for the system described below. DOS were calculated by a static
run using the tetrahedron method with Blöchl corrections following
the structural relaxations.85 The adsorption was modeled by
symmetric Au slabs with a periodic 2 × 2 surface cell and consisting
of 12 layers. The number of layers was chosen to converge the DOS
of the bulk-like central layers with respect to a bulk DOS.
Perpendicular to the surface, the slabs are decoupled by a vacuum
region of about 18 Å. The central three Au layers are kept fixed with
bulk-like distances, whereas the surface layers are allowed to relax
until the forces acting on them became smaller than 5 meV/Å. One
oxygen atom or OH group was placed per 2 × 2 surface cell
symmetrically on both sides of the slab, resulting in a coverage of 0.25
monolayers. At that coverage, a surface adsorption of an oxygen atom
and an OH group at the fcc hollow site and a bridge site, respectively,
is energetically most favorable.86 However, it has to be noted that
coverages above 0.25 ML may result in the occupation of mixed
adsorption sites, the formation of surface oxides, and the
incorporation into the Au structure.87,88
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