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ABSTRACT: In plasmon-mediated photocatalysis it is of critical importance to
differentiate light-induced catalytic reaction rate enhancement channels, which
include near-field effects, direct hot carrier injection, and photothermal catalyst
heating. In particular, the discrimination of photothermal and hot electron
channels is experimentally challenging, and their role is under keen debate. Here
we demonstrate using the example of CO oxidation over nanofabricated neat Pd
and Au50Pd50 alloy catalysts, how photothermal rate enhancement differs by up to
3 orders of magnitude for the same photon flux, and how this effect is controlled
solely by the position of catalyst operation along the light-off curve measured in
the dark. This highlights that small fluctuations in reactor temperature or temperature gradients across a sample may
dramatically impact global and local photothermal rate enhancement, respectively, and thus control both the balance between
different rate enhancement mechanisms and the way strategies to efficiently distinguish between them should be devised.
KEYWORDS: nanoalloys, heterogeneous catalysis, plasmonics, photothermal, CO oxidation, gold−palladium, photocatalysis

Plasmon-mediated photocatalysis has seen rapid develop-
ment since the seminal publications more than a decade
ago.1−9 It builds on the excitation of the localized

surface plasmon resonance (LSPR) in metal nanoparticles and
the fact that, in this way, optical cross sections many times
larger than the particle size can be achieved.10 Mechanistically,
the LSPR phenomenon may influence a chemical process on a
metal nanoparticle surface in three distinctly different ways,
which, in principle, may manifest themselves individually or in
concert: (i) photothermal heat generation, (ii) optical near-
field enhancement, and (iii) direct hot-charge carrier
generation in the metal and their injection into surface-
adsorbed reactant species.11−13 Ever since the hot-carrier
mechanism was first proposed, one of the most important and
critical questions has been how to distinguish it from the
photothermal one. As a consequence, being able to
appropriately answer this question has developed into a key
effort in the field, spurred significantly by a recent controversy
on data interpretation in key studies,13−18 and discussions of
experimental procedures for distinguishing photothermal from
hot-carrier reaction enhancement processes.19,20

Focusing on the photothermal mechanism, we remind
ourselves that upon decay of an LSPR in a metal nanoparticle,
the excited electrons will relax via electron−phonon coupling
within picoseconds, unless steered otherwise.21,22 In other
words, the electronic excitation is transferred into heat via
coupling to the phonon bath of the nanoparticle, which further
dissipates the heat to the nanoparticle surrounding and
support, and reaches thermal equilibrium on the 10−100 ps
time scale.18,21 As a consequence, temperature gradients may

form due to (i) nonuniform metal nanoparticle distributions,
(ii) inhomogeneous illumination intensity, (iii) 3D nano- or
mesoporous support materials with complex and anisotropic
heat transport properties, and (iv) attenuation/absorption of
irradiated photons inside such a support material. These effects
have been identified as important and pinpointed as
inadequately addressed in the literature.14,18

A further important factor in this context is the fact that the
reaction rate of a thermally activated catalytic reaction does not
depend linearly on temperature. In the kinetic regime, when
the rate is relatively low, its temperature dependence can be
described by the Arrhenius equation, which states that the rate
constant is defined by k = A exp(−Ea/RT), where A is the pre-
exponential factor, Ea the molar activation energy, R the gas
constant, and T temperature. As a first key aspect, this means
that the reaction rate increases exponentially with temperature.
Consequently, in a photothermal process, provided the
reaction is taking place in the kinetically limited regime, the
rate is expected to exhibit an exponential dependence on the
illumination power.20 Therefore, the most widespread
approach to distinguish between photothermal and direct
hot-carrier mediated reaction mechanisms has been to study a
reaction at increasing photon flux and investigate whether this
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dependence is linear or exponentialan approach that has
been identified as problematic and to yield ambiguous
results.20 The main reason for this ambiguity is that in
corresponding studies only limited ranges of photon flux
variation have been used since actually implementing the
required several orders of magnitude difference in photon flux
would require the use of very high-power light sources and/or
the use of ultrasensitive detection techniques at very low
reaction rates.
As a second key aspect, we note that in a real system the

increase of the reaction rate cannot continue to infinity, since,
at a certain point, diffusion limitations and mass transport
gradients will start to dominate the process. This leads to a
slowing down, and eventually a complete halt, of the rate
increase, once the system is operated entirely in the mass
transport limited regime. In thermal catalysis, this behavior is
captured in a so-called light-off curve, which typically is a plot
of the reaction rate (or conversion) as a function of
temperature. As the key implication here, the photothermal
enhancement will be strongly dependent on where on the light-
off curve the catalyst finds itself during the experiment. In
other words, the same photon flux can lead to rate
enhancements that differ by several orders of magnitude,
depending on the starting temperature of the catalyst.
Consequently, for example, small fluctuations in reactor
temperature, as well as temperature gradients across a sample,
may have a dramatic impact on the (local) photothermal rate
enhancement and the balance between the three potential
plasmonic rate enhancement mechanisms when they take place
in concert. Surprisingly, however, this aspect is rarely addressed
in the debate on enhancement mechanisms in plasmon-
mediated catalysis and the corresponding discussion of
experimental strategies to efficiently distinguish between them.
In response, we report here a study that explicitly

demonstrates the importance and potential magnitude of this
effect on the example of carbon monoxide (CO) oxidation
over two-dimensional (2D) nanofabricated Pd and Pd50Au50
alloy model catalysts. We have chosen these specific systems
because they by design effectively eliminate 3D temperature
gradients within the catalyst material due to their 2D nature
and because alloying Pd with Au constitutes an efficient way to
alter the light-off behavior of the reaction,23,24 while, as we
demonstrate, essentially not altering light absorption, and thus
the photothermal properties of the system.

RESULTS AND DISCUSSION
Sample Characterization. For our study, we have

nanofabricated large-area arrays of Pd and Pd50Au50 alloy
nanoparticles by hole-mask colloidal lithography25,26 onto 18
mm × 9 mm fused silica substrates (Figure 1a and b). The
resulting Pd and Pd50Au50 nanoparticles have a disk shape with
an average diameter of 113 and 132 nm and a height of 38 and
28 nm, respectively (see Methods for details). Transmission
electron microscopy−energy dispersive X-ray analysis (TEM-
EDX) reveals homogeneous and uniform alloy formation
across the Pd50Au50 particles (Figure 1c).26 X-ray photo-
electron spectroscopy (XPS) furthermore reveals a surface
composition of 46 at % Au and 54 at % Pd, which is in good
agreement with the targeted value, and due to the surface
sensitivity of XPS, again also confirms homogeneous alloy
formation (Figure 1d).
CO Oxidation in the Dark. For the catalysis experiments,

we have utilized an externally heated quartz-tube plug-flow-

type reactor with an integrated “glass pocket”, as reported by
Fredriksson et al.27,28 This pocket minimizes dilution of
reaction products and thereby enables quadrupole mass
spectrometric (QMS) analysis of reaction products from our
nanofabricated 2D samples (Figure S4). The CO oxidation
experiments were conducted with a total gas flow rate of 200
mL/min, which introduces a flow rate of 2.4 mL/min through
the pocket, in a gas mixture of O2 and CO in Ar carrier at a

Figure 1. Pd and Au50Pd50 sample characterization. (a) The alloy
nanoparticle array is manufactured by subsequently evaporating a
thin Au and Pd film through a nanofabricated mask, with
thicknesses tailored to yield the targeted alloy composition.
Subsequently, alloy formation is induced by annealing the sample
at 500 °C for 24h in 4% H2 in Ar carrier gas.26 (b) SEM images of
annealed neat Pd (left) and Au50Pd50 alloy (right) nanodisk arrays.
(c) HAADF-STEM image of an Au50Pd50 alloy nanodisk, depicted
together with both an elemental line scan and a TEM-EDS map of
the Pd and Au constituents. The line scan confirms the
homogeneous distribution of both elements across the particle.
(d) XPS spectra of a neat Pd and an Au50Pd50 alloy nanoparticle
array taken before catalysis experiments for the Pd 3d (left) and
Au 4f (right) peak regions, revealing a surface composition of 46 at
% Au and 54 at % Pd for the alloy, as well as some degree of PdO
and PdO2 formation (Figures S1 and S2) corroborated also by
SEM imaging (Figure S3).
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constant relative CO concentration
C

C C
CO CO

CO O2
α = +

= 0.2 and

a total reactant concentration of 10%. During the experiment,
the sample temperature in the dark (i.e., without illumination)
was increased in ∼10 °C steps from ∼150 to ∼325 °C (Figure
S5). Temperature control was implemented by setting a
constant power output of the heating system, that is, without
using an active feedback loop. This is important since an active
feedback system would reduce the heating power supplied
during illumination to compensate for the light-induced
heating of the sample. To ensure a constant temperature at
each temperature step, we instead equilibrated the system for
150 min (Figure S5). By then extracting the CO conversion at
the end of each temperature step, we constructed the light-off
curves for neat Pd and the Au50Pd50 alloy system in the dark
(Figure 2). In the low temperature regime, where the reaction

is slow enough not to be limited by mass transport, the
reaction rate is kinetically limited. Upon further temperature
increase, the system reaches and passes through a transient
regime, where a transition from kinetically controlled to mass
transport-controlled conditions takes place. This yields the
typical S-like light-off curve for both systems. However, as the
key result we highlight that the transition to mass-transport
control occurs at lower temperature for the neat Pd catalyst
compared to the Pd50Au50 system and that conversion for the
latter is generally significantly reduced.
In a first analysis step to rationalize the differing light-off

behavior observed between Pd and Au50Pd50 in Figure 2, we
conducted first-principles informed microkinetic modeling.
Specifically, since the exact surface structure of the alloy used
in the experiment is unknown and the surface may undergo
rearrangement in the presence of adsorbates, we studied three
simplified configurations with DFT (details in the first-
principles and kinetics calculations section of the SI and
structures in Tables S1 and S2) and found a configuration with

an Au top layer to be most thermodynamically favorable,
followed by a perfectly mixed Pd−Au surface. However, in
reality a blend of configurations is likely to coexist on the alloy
catalyst, with local reactivity depending on the presence of Au
and Pd atoms at the surface. Next, we calculated the
adsorption energies of CO and oxygen on the three chosen
surface configurations and found reduced binding energies for
the systems with Au atoms in the top layer (Table S3). Then,
we predicted the transition state energies for CO oxidation
using the scaling relation derived by Falsig et al.,29 indicating a
reduced activation energy with increasing presence of Au
atoms on the surface (Table S3).These weaker binding
energies and reduced barriers with increasing Au fraction are
consistent with previous first-principles calculations of the
PdAu alloy system.30

First-Principles Informed Microkinetic Modeling. To
now investigate the impact of these different energetics on the
expected light-off behavior of the catalyst, we modeled the
pocket reactor used in the experiments as a continuously
stirred tank reactor (CSTR) with residence time and
conditions chosen to match the experimental setup (details
in the Kinetics section of the SI and Table S4). Specifically, we
tested the energetics obtained for each modeled surface
configuration and estimated the unknown exact number of
active sites in the experiment to match the experimentally
observed maximal conversion for each system. The corre-
spondingly obtained results for the neat Pd surface reproduce
the measured conversion profile very well (Figure 2). For the
alloy system, we obtained the best agreement with the
experiment for the most thermodynamically favorable model
surface (i.e., the surface with an Au top layer), which showed
reduced surface concentrations of reactants and correspond-
ingly lower conversion. Smoother conversion profiles, lacking a
sharp light-off point, were obtained for the model systems with
Au atoms in the top surface layer due to the reduced kinetic
barriers in these systems. This suggests that both reduced
binding energies and reaction barriers for the alloy system,
consistent with gold atoms near the surface, explain the
differences in the magnitude and shape of the conversion
profiles observed for the neat Pd and Au50Pd50 systems. Taken
together, the first-principles calculations and kinetic modeling
results thus provide a qualitative rationalization for the
observed conversion profiles based on the respective
energetics. However, we also highlight that they do not
explicitly describe the likely dynamic surface restructuring
taking place in the real catalyst (to do so a more complex
model would be required, which is beyond the scope of this
work) and thus do not mean that a continuous Au top layer is
formed. Rather, they should be interpreted as that an Au-rich
surface is formed and the reason for the experimentally
observed differences between the pure Pd and the Au50Pd50
light-off curves.

CO Oxidation under Illumination. Having established
the CO oxidation reaction on our two catalyst model systems
in the dark, we now assess their interaction with visible light.
Specifically, we carried out finite-difference time-domain
(FDTD) simulations of the absorption efficiency of a AuxPd1−x
alloy nanodisk with its composition, x, varied in steps of 10 at
% from neat Pd to Au50Pd50, using dielectric functions
calculated from first-principles as the input (Figure 3a).31 In
good agreement with our previous results assessing extinction
efficiencies,31 increasing the Au content in the alloy shifts the
LSPR absorption peak to lower photon energies. Furthermore,

Figure 2. Pd and Au50Pd50 light-off curves in the dark. The light-off
curves for an array of neat Pd and Au50Pd50 alloy nanoparticles
were obtained using a gas flow rate of 200 mL/min in a gas
mixture of O2 and CO in Ar carrier at a constant relative CO
concentration αCO = 0.2 and a total reactant concentration of 10%,
by increasing sample temperature in the dark in ∼10 °C steps from
∼150 to ∼325 °C (see also Figure S5). The solid lines show the
conversion predictions for a CSTR model (see the Kinetics section
of the SI) using the same conditions as in the experiment (Table
S4), i.e., a residence time of 4.5 s and inlet pressure of 1 atm. The
Pd catalyst model was a Pd(111) surface and the Au50Pd50 model
was a mixed PdAu surface with an Au top layer (see Tables S1 and
S2). The number of active sites in each model system was chosen
to match the maximum experimentally observed conversion since
the exact number of sites in the experiment is unknown.
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and as the key point here, the overall appearance of the peak,
i.e., the full-width-at-half-maximum that is proportional to the
LSPR dephasing time,21,22 remains very similar throughout the
entire composition range. Nanofabricating arrays of Pd and
AuxPd1−x alloy nanoparticles across the same compositional
range, and experimentally measuring their absorption
efficiencies (defined as absorption cross section/nanodisk
projected area derived from SEM image analysis) using an
integrating sphere detector,10,32 reveals good agreement with
the simulations (Figure 3b) and further corroborates the
similar total absorption efficiencies of neat Pd and its alloys
with Au up to 50 at %. This last point becomes even more clear
when plotting the integrated absorption efficiencies for Pd and
its alloys as obtained both from the FDTD simulations and the
experimental data (Figure 3c). Specifically, this analysis shows
that the overall light absorption of an array of Pd and Au50Pd50
alloy nanoparticles is similar and, therefore, is expected to yield
a similar photothermal heating effect due to light absorption,
while at the same time having significantly different catalytic
properties in the dark.

Turning now to assessing the impact of visible light
illumination on our two model catalyst systems during
reaction, we carried out an experiment where we measured
the reaction rate of the two systems in the dark and under
illumination of a mercury xenon arc light source at constant
output irradiance of 6.8 W/cm2 for five selected temperatures
(150, 170, 190, 210, 220 °C) along the light-off curve (cf.
Figure 2). As the main result, we find a clear rate enhancement
under illumination for both catalyst systems, which strongly
depends on the catalyst temperature in the dark, with the
dependence being distinctly nonlinear and significantly lower
for the Au50Pd50 alloy (Figure 4a). Further quantification of

the enhancement effect, defined as 100
I I

I
CO2,illuminated CO2,dark

CO2,dark
×

−
,

reveals that for neat Pd at 220 °C the reaction rate is enhanced
by ∼1500% upon illumination, whereas the enhancement is
only ∼50% at 150 °C (Figure 4b). For the Au50Pd50 system the
overall trend is similar, however, at 150 °C the light-induced
rate enhancement is only 3% and at 220 °C it is 110%, which is
more than a factor 10 lower compared to neat Pd.
It is now interesting to discuss these findings from a number

of different perspectives. First of all, from a purely plasmonics

Figure 3. Light absorption efficiency in Pd and AuPd alloy
nanodisks. (a) Absorption efficiency (absorption cross-section/
nanodisk projected area) spectra for a nanodisk comprised of neat
Pd and a AuxPd100−x alloy with its composition varied in x = 10 at
% steps up to a composition of Au50Pd50. The spectra were
obtained by FDTD simulations for a single nanodisk located on a
fused silica substrate and by using the dielectric functions from the
work of Rahm et al. as input.31 The gray line plotted in the
background depicts the emission spectrum of the light source used
for the photocatalysis experiments described below and confirms
excellent overlap with the absorption spectra. (b) Corresponding
experimentally measured absorption efficiency spectra for quasi-
random arrays of neat Pd and PdAu alloy nanodisks with
composition varied in 10 at % steps up to a composition of
Au50Pd50. The experimental data are scaled to the FDTD data (for
unscaled spectra, see Figure S6). (c) Integrated absorption
efficiencies calculated from the spectra depicted in a and b for
the spectral range from 1.37 to 3.55 eV. The total absorbed energy
varies only by around 12%, which very likely results in a similar
photon-induced temperature increase of the nanostructures upon
illumination, irrespective of their composition.

Figure 4. Light-induced reaction rate enhancement for constant
irradiance at different catalyst temperatures. (a) The CO
conversion in the dark and upon illumination for neat Pd (blue)
and Au50Pd50 (yellow) measured in a constant flow of CO and O2

in Ar carrier gas with a relative CO concentration,
C

C C
CO CO

CO O2
α = + ,

of 0.2 and at five different dark temperatures ranging from ∼150 to
∼220 °C. (b) The enhancement of the reaction rate due to
constant-irradiance illumination of the two model catalysts at five
different temperatures in the dark. The black lines constitute error
bars that depict the standard deviation from three repetitions.
Note the strong dependence of the rate enhancement on catalyst
dark temperature, and the significant difference of this effect
between neat Pd and the Au50Pd50 alloy system.
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point of view, this result may appear surprising because it is
generally well-established that Au is a “better” plasmonic metal
than Pd.22,33 Hence, one could intuitively expect that adding
Au to Pd would boost the plasmon-mediated catalytic
properties.34 Interestingly, however, we observe the opposite.
Second, as we have shown (cf. Figure 3), the integrated
absorption efficiency of the Pd and Au50Pd50 systems is very
similar, which implies that any (photothermal) enhancement
effects would be similar as well. Clearly, also this scenario is in
stark contrast to our experimental results.
To nevertheless understand our findings, we first remind

ourselves of the light-off curves measured for both model
catalysts in the dark. They revealed a significantly lower
thermal rate for the Au50Pd50 alloy compared to neat Pd for
constant temperature (cf. Figure 2). Second, we extract the CO
conversion for each of the five reactor temperatures in the dark
and under illumination (Figure S7), together with the
corresponding illumination-induced sample temperature in-
crease measured with a thermocouple that touches the side of
the sample (Figure S4b), which are on the order of 25 °C
(Figure S8). Plotting the correspondingly obtained CO
conversion for each temperature step under illumination
(▲) and in the dark (▼) versus temperature, and in the
same graph as the light-off curve previously measured in the
dark (cf. Figure 2), we make the following key observations
(Figure 5): (i) light-induced rate enhancement is strongly

dependent on the reactor temperature; (ii) the light-induced
enhancement is significantly smaller for the Au50Pd50 catalyst
compared to neat Pd, irrespective of reactor temperature; (iii)
the CO conversion values measured upon illumination align
almost perfectly with CO conversion values of the light-off
curve measured in the dark for both catalysts, irrespective of
the reactor temperature; (iv) at high temperature, in the fully
mass-transport limited regime, we do not observe any light-
induced rate enhancement. Altogether, this clearly shows that
it is the position along the light-off curve, determined by the
set reactor temperature, which dictates the observed photo-
thermal reaction rate enhancement. Furthermore, it demon-
strates that the apparent significantly lower photoactivity of the

Au50Pd50 alloy is solely the consequence of its intrinsically
lower catalytic activity in the dark at the present conditions.
These observations are further corroborated by the fact that we
actually observe a slightly reduced light-induced sample
temperature increase for higher reactor temperatures from
the thermocouple reading for both samples (from ∼26 to ∼20
°CFigure S8), while we see that the light-induced reaction
rate enhancement is increased. As a final remark, we also note
that the thermal equilibration between the catalyst nano-
particles and the support is very efficient even for the used
fused silica support and that, therefore, thermal gradients
between the particles and the support can be neglected.35

CONCLUSIONS
In conclusion, we have shown that the photothermal reaction
rate enhancement on nanofabricated Pd and Au50Pd50 alloy
model catalysts during the catalytic oxidation of CO strongly
depends on the catalyst temperature in the dark, and is solely
mediated by its light-off curve. Specifically, we have found that
the photothermal rate enhancement for the Pd system varies
over 3 orders of magnitude at constant irradiance, depending
on the position of the catalyst on the light-off curve.
Simultaneously, we have identified that photothermal rate
enhancements for the Au50Pd50 alloy system are significantly
lower, despite very similar integrated optical absorption
efficiency and thus light-induced temperature increase. As
the reason we identified the overall lower catalytic activity of
the alloy system compared to neat Pd, and the consequently
significantly different light-off curve of the reaction in the dark.
To explain this different catalytic behavior, we conducted first-
principles informed microkinetic modeling showing that the
lower activity of Au50Pd50 is caused by reduced binding
energies of CO and oxygen, which leads to low surface
coverages of both reactants, hindering the kinetic activity
despite a corresponding reduction in the activation energy.
As the key implications of the above results, we highlight

that understanding the light-off curve of a catalyst is critical
when assessing any plasmon-mediated photocatalysis effects.
Thus, as explicitly demonstrated here, a catalyst’s sensitivity
toward a photothermal rate enhancement mechanism may vary
by multiple orders of magnitude at constant irradiance,
depending solely on the systems position along the light-off
curve. Consequently, when more realistic three-dimensional
catalyst systems are considered, locally, the catalyst may be
operated at different positions along a light-off curve due to (i)
temperature gradients across the material, (ii) attenuation of
the photon flux within the sample, or (iii) locally varying mass
transport limitations within a porous support. This, in turn,
means that locally the balance between reaction enhancement
mechanisms may be very different, further complicating
discrimination between them. Finally, our results also highlight
the importance of light-off characterization in plasmon-
mediated catalysis when designing experimental strategies for
discriminating rate enhancement mechanisms since the
photothermal channel can be dramatically suppressed or
enhanced, depending on the position along the light-off
curve. Therefore, it should be carefully selected and optimized
for each specific catalyst and reaction system.

METHODS
Nanofabrication. All samples were fabricated using hole−mask

colloidal lithography36,37 on either fused silica for catalysis experi-
ments and spectrophotometry, on oxidized silicon for SEM imaging,

Figure 5. CO conversion in the dark and under illumination. CO
conversion for five temperature steps under illumination (▲) and
in the dark (▼) plotted versus temperature and in the same graph
as the light-off curve previously measured in the dark
(calibrationcf. Figure 2). The semitransparent markers repre-
sent repeated measurements. The colored lines indicate the shift of
the catalyst along the light-off curve upon illumination. Also shown
are two data points obtained in the full mass transport limited
regime in a separate measurement under illumination ( ) and in
the dark ( ), which reveal that in that limit no light-induced
conversion enhancement is observed, as expected (see Figure S9
for raw data).

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c01537
ACS Nano 2021, 15, 11535−11542

11539

https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c01537/suppl_file/nn1c01537_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c01537/suppl_file/nn1c01537_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c01537/suppl_file/nn1c01537_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c01537/suppl_file/nn1c01537_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c01537?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c01537?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c01537?fig=fig5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c01537/suppl_file/nn1c01537_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c01537?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c01537?rel=cite-as&ref=PDF&jav=VoR


or on TEM windows38 for TEM-EDS measurements. For the
nanofabrication steps the following instrumentation was used: spin-
coating (Suss, LabSpin6), oxygen ion etching (Plasmatherm,
BatchTop m/95), electron beam evaporation (Lesker, PVD 225).
To create the hole-mask, we used a 0.2 wt % a 140 nm sulfate latex
bead solution (molecular probes by life technologies) in deionized
water. The nanodisks were annealed in a flow reactor for 24 h at 500
°C in (4 ± 0.12) % H2 in Ar carrier gas at a flow rate of 200 mL/min
to induce alloy formation. The annealing process leads further to a
slight change in dimensions (Figure S10).
Plug-Flow Reactor with “Pocket”. The (photo)catalysis experi-

ments were carried out in a plug-flow type reactor (X1, Insplorion AB,
Göteborg, Sweden) equipped with a custom-made pocket reactor as
reported by Fredriksson et al. (Figure S4).27,28 Gas composition in
and flow rate through the reactor is controlled by mass flow
controllers (Bronkhorst Low-ΔP). The reactor is heated by a resistive
heating coil and connected to a quadrupole mass spectrometer
(Pfeiffer, GSD 320). Two type-K thermocouples are inserted in the
reactor to monitor (i) the temperature of the gas upstream of the
pocket and (ii) the actual temperature of the sample. The latter
thermocouple is spring-loaded to ensure good contact with the side of
the sample inside the pocket. The thermocouple is placed in the light
path and therefore experiences a constant temperature increase upon
illumination, which, however, is on the order of 1 °C or less (Figure
S11) and the same for all experiments and catalysts. Furthermore, this
heating of the thermocouple does not impact the temperature control
of the reactor since the temperature reading is not used in a feed-back
loop manner. The reactor has an optical port perpendicular to the
flow direction to enable illumination by a 1000 W mercury xenon arc
light source (Newport 6295NS in a 66921 housing), which is
equipped with a liquid optical IR filter (Newport 6123NS).
Before the photocatalysis experiments, the samples were activated

by a treatment of 60 min 6% O2, followed by 30 min 3% H2, and
finally 60 min 6% O2 in Ar carrier gas with a constant flow of 200 mL/
min at 500 °C. The activation was followed by a cooling period of 5h
to 150 °C in Ar. Then, 1.5 h prior to the first temperature step or
temperature ramp, CO and O2 were introduced simultaneously.
The used gases were CO (10% (±2 rel %) in Ar), O2 (99.9992%

purity), H2 (4% (±2 rel %) in Ar), and Ar (99.9999% purity) as the
carrier gas.
FDTD Simulations. Lumericals FDTD solution version 8.21.2088

was utilized to calculate the optical absorption spectra presented in
Figure 3. A single disk was placed on a SiO2 support with a refractive
index of 1.46.39 The dielectric function for Pd and the AuxPd100−x
alloys with x = 10, 12, 30, 40, 50 were taken from Rahm et al.31 The
disk diameter (Figure S10) used in the simulations was derived from
SEM images by analyzing at least 350 particles from different sample
positions and averaging their individual diameters. The particle itself
was modeled as a tapered cylinder (angle of 5°) with rounded edges
(4 nm bottom and 6 nm top rounding). The used disk height was
calculated by assuming the conservation of volume from the
unannealed to the annealed particle (Figure S10). The linearly
polarized plane wave light source was introduced via a total-field/
scattered field source.
X-ray Photoelectron Spectroscopy. XPS measurements were

performed with a PHI 5000 (Physical Electronics). The photo-
excitation was done with a monochromatized Kα-line of an Al source
operated at 50 W. The energy step width was 0.1 eV, and the pass
energy was 55 eV. The base pressure was always lower than 2.0 ×
10−6 Pa. All spectra were corrected by setting the adventitious C-1s
peak of the C−C bond to 284.8 eV. To ensure that this correction is
physically meaningful, the Fermi level alignment was checked as
suggested by Greczynski and Hultman.40 For quantitative analysis
relative sensitivity factors from PHI MultiPak’s database for Au and
Pd of 417.021 and 341.244, respectively, were employed.
Spectrophotometry. The optical absorption spectra were

obtained with a Cary 5000 spectrophotometer (Varian) equipped
with a DRA2500 integrating sphere accessory. The spectra were
recorded from 250 to 2500 nm with a step width of 1 nm.

Scanning Electron Microscopy. A Zeiss Supra 55 was used to
record the SEM images with the in-lens system and an acceleration
voltage of 15 kV at a working distance of at least 5 mm.

Transmission Electron Microscopy. For the STEM images and
the elemental EDS maps a FEI Titan 80−300 equipped with an INCA
X-sight detector (Oxford Instruments) was used. It was operated at
300 kV and lateral resolution was 5 nm for which the spectra were
acquired. The acquisition time was 5 s for each spectrum, and the
sample holder was tilted about 20° toward the detector to increase X-
ray signal. The background was corrected for and the peaks fitted
standard-less using the FEI TIA software version 4.3.

First-Principles Calculations. Periodic density functional theory
calculations were used to find relaxed geometries and energies for
Pd(111) and three PdAu alloy surfaces. Calculations were performed
on 2 × 2 × 3 unit cells using VASP,41,42 with the revised PBE43

generalized gradient approximation and projector augmented wave
method.44 An energy cutoff of 450 eV was used for the plane wave
basis set. The three PdAu surfaces comprised a perfect mix of Pd and
Au atoms on the lower layers with (i) a perfectly mixed top layer, (ii)
an Au top layer and Pd second layer, and (iii) a Pd top layer and Au
second layer. Binding energies were calculated for CO and O on each
surface and the gas molecules were relaxed in a 10 × 10 × 10 Å3 box.
More information is given in the first-principles and kinetics
calculations section of the SI, with structures in Tables S1 and S2,
and energies in Figure S13 and Table S3.

Microkinetic Model. Modeled surface kinetics included CO
adsorption, O2 dissociative adsorption, and irreversible CO oxidation
to form CO2. CO2 desorption was assumed to be instantaneous and
irreversible. CO and O2 desorption were assumed to be in
thermodynamic equilibrium with the respective adsorption steps.
The binding energies from the DFT calculations were used as the
reaction energies for adsorption and to predict the activation energies
for CO oxidation on each surface using the scaling relation developed
by Falsig and co-workers29 (Table S3). CO oxidation was modeled as
a Langmuir−Hinshelwood reaction, with a prefactor from transition
state theory. The free energies were computed in the harmonic limit
for adsorbates and the ideal gas approximation for gases. The pocket
reactor was modeled as a continuously stirred tank reactor with
surface-based kinetics. The system of differential equations describing
the surface kinetics and flow was solved in Python using the SciPy
LSODA integrator45 and the BDF method, with relative and absolute
tolerances of 1 × 10−8 and 1 × 10−10, respectively. More details and a
discussion of model choices are provided in the Kinetics section of the
SI, Table S4, and Figures S14 and S15.
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