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ABSTRACT: Surfactants and stabilizers are always present on the
surfaces of colloidal nanocrystals due to their critical function in g
promoting selective facet growth and since they are essential to f
prevent aggregate formation in solution. After synthesis, however, \, spsorption
the presence of these molecules on the surface of a nanocrystal is time TOAB
problematic because they potentially significantly alter the nature
of the interaction with the environment, which is critical for sensor
or catalysis applications. Here, we quantitatively scrutinize this
effect experimentally for the four most common stabilizers in Pd Pd

nanoparticle synthesis: cetyltrimethylammonium bromide —  |-------ocooon oo o .
(CTAB), tetraoctylammonium bromide (TOAB), cetyltrimethy-
lammonium chloride (CTAC), and poly(vinylpyrrolidone) (PVP).
We use the surface-catalyzed hydrogen sorption and hydride formation reaction in Pd as a model system, due to its high relevance
for hydrogen sensors. Specifically, we map in detail the (de)hydrogenation kinetics of arrays of nanofabricated Pd nanodisks in the
presence of the surfactants and benchmark it with an uncoated Pd reference. As the key results, we find that the cationic surfactants
significantly decelerate the (de)hydrogenation surface reaction, with the amplitude of deceleration mediated by the interplay
between the halide-ion—Pd surface interaction strength and surfactant surface density. In contrast, a polymeric PVP coating is found
to significantly accelerate hydrogen sorption. For the Pd-based hydrogen sensor application, our findings thus provide important
insights for the appropriate choice of a surfactant to minimize the negative impact on hydrogen sorption kinetics and thus hydrogen
detection response/recovery times. In a wider perspective, our results dramatically show how nanoparticles can attain different
properties depending on what types of surfactants and stabilizers are present on their surface and how critical the quantitative
understanding of their impact is for a specific application.

H:
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B INTRODUCTION surfactant molecules have been reported to exhibit both
positive and negative impacts on nanoparticle performance,
depending on the application. In nanocatalysis, for example,
surfactants have been found both to decrease turnover rates®~’
and to increase catalyst selectivity.S_11 In sensor applications,
they have been reported to detrimentally affect response
times.”® For these reasons, numerous attempts have been
made to shed light on the role of surfactant molecules or
capping ligands, particularly in the field of heterogeneous
catalysis, where molecules react on the surface of nanoparticles
and where surfactants thus are expected to interfere with this
process. The most common way of studying surfactant effects

The present and potential applications of nanoparticles are
ubiquitous in catalysis, energy storage, medicine, and sensing.I
In the field, there are two fundamentally different strategies to
make nanoparticles and nanostructures, that is, nanofabrication
and colloidal synthesis.” Nanofabrication mainly relies on
lithographic techniques, and it enables the crafting of complex
nanoarchitectures in well-defined arrays with an exceptional
level of control in terms of nanostructure size, shape, and
arrangement on flat supports.2 On the other hand, colloidal
synthesis is intrinsically more scalable,” and the last decades
have seen tremendous progress in the development of
synthetic routes that allow production of nanocrystals with
an excellent size and shape control.> However, the perks of Received:  January 3, 2020
colloidal synthesis always come at the cost of nanoparticle Accepted:  March 6, 2020
surfaces being covered with surfactant molecules, ligands, or Published: March 6, 2020
“stabilizers” that are necessary both to favor the growth of

specific surface facets, to achieve a desired shape, and to

prevent nanoparticle aggregation in solution.” To this end,
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Figure 1. (a) Schematic illustration of the surfactant-coated Pd nanodisk sample preparation. The surfactant solution is dropcast onto the sample
and incubated for 24 h. Four kinds of surfactants were tested: CTAB, TOAB, CTAC, and PVP. (b) Scanning electron micrograph (SEM) of the
quasirandom array of annealed Pd nanoparticles. The insets show transmission electron microscopy (TEM) images of two representative Pd
nanoparticles. The scale bars correspond to 200 nm. (c) Normalized X-ray photoelectron spectra (XPS) of relevant elements of the as-prepared Pd
nanoparticles after 24 h annealing at 500 °C in 4% H, diluted in Ar (gray lines) and after application of the surfactant (colored lines). (d) Localized
surface plasmon resonance (LSPR) as a probe for hydrogen sorption; the depicted optical extinction spectra correspond to the characteristic optical
response of a Pd nanoparticle array before and after absorption of hydrogen. The spectral shift of the LSPR peak (A4, is utilized as readout for

quantification of the response.

is to synthesize nanoparticles using different surfactants and
then to compare their performance at identical condi-
tions.”*”'>"* "The main problem with this approach is,
however, that it may be very difficult or impossible to
synthesize nanocrystals with identical size and shape
(distributions) using different surfactants because fundamen-
tally different routes may be required.'*~"° This, in turn, makes
it hard to unambiguously assign performance variations to
different surfactant types alone.”''> The second reported
approach is to synthesize nanoparticles using different
surfactants, to test their performance, and then to remove
the surfactants either by thermal annealing or by chemical or
plasma treatment, prior to a second performance test.'** In
this way, surfactant effects are revealed by comparing
nanoparticle performance before and after the cleaning step.
However, also in this case, it is difficult to unambiguously
assign the found differences to individual surfactant types since
the studied nanocrystals synthesized using different surfactants
most likely will exhibit dissimilar size and shape distributions
and thus, for example, exhibit different abundances of both
defects and low coordination sites.”' Furthermore, if specific
cleaning procedures are applied to remove particular
surfactants, they may alter the particles in various ways and
thus give rise to a different response after the cleaning.'”'®**

To mitigate these uncertainties, we present here an
alternative approach, which relies on the nanofabrication of
surfactant-free nanoparticles, onto which a surfactant capping
is applied after a baseline performance test of the surfactant-
free system has been carried out. In this way, the exactly same
baseline is valid for all tested ligands and the particle size and
shape distributions are identical. We demonstrate our
approach by nanofabrlcatlng arrays of Pd nanodisks onto flat
fused silica supports.”® As a model reaction, we compare the
hydrogen absorption and desorption kinetics measured using
plasmonic nanospectroscopy,”* *° by quantifying both re-
sponse and recovery times upon hydrogen exposure. By doing
so, we are able to derive the apparent activation energies for
hydride formation and decomposition in Pd covered by one of
the four most commonly used ligands in colloidal Pd
nanocrystal synthesis: cetyltrimethylammonium bromide
(CTAB), tetraoctylammonium bromide (TOAB), cetyltrime-
thylammonium chloride (CTAC), and poly(vinylpyrrolidone)
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(PVP).””*® Such Pd nanocrystal systems have recently
attracted a lot of attention both from a fundamental point of
view in metal—hydrogen interactions”” > and in applications
as plasmonic hydrogen sensors.’* In the latter area, the
response time is identified as one of the key challenges®
toward meeting the hydrogen sensor performance targets
defined by the U.S. Department of Energy, ¢ and it is therefore
critical to increase our understanding of the role of capping
ligands in this respect. For uncoated Pd bulk and thin-film
systems, the hydrogenation kinetics are well documented and
thus constitute an excellent benchmark.””*® Furthermore, to
the best of our knowledge, only three related studies exist,
focusing on alkyl thiols and amines.>**’

B RESULTS AND DISCUSSION

Pd nanodisk arrays were nanofabricated onto optically
transparent, fused silica substrates using hole-mask colloidal
lithography.*® This yields large-area amorphous arrays of disk-
shaped nanoparticles with their diameter determined by the
size of the polystyrene beads used to create the evaporation
mask during nanofabrication (Figure la). Here, we nano-
fabricated 170 nm diameter and 25 nm thick Pd nanodisks.
Subsequently, the particles were annealed at 500 °C in 4% H,
diluted in Ar at atmospheric pressure for 24 h to induce
recrystallization from the initially ill-defined microstructure
into facetted single or polycrystalline nanoparticles with a few
grains (Figure 1b).*

In the next step, the nanodisk surfaces were functionalized in
the following different ways: (i) bare Pd control, (ii) Pd@
CTAB, (iii) PA@TOAB, (iv) PA@CTAC, and (v) Pd@PVP.
For this purpose, the surfactants were first dissolved in
deionized water and then dropcast onto the Pd nanoparticle
array. Next, the excess surfactant solution was washed away in
Milli-Q water, and the sample was subsequently blow-dried
with N, gas (Figures la and S1). To verify the presence of the
capping ligands on the surface, we carried out XPS analysis
(Figure 1c). A broad N 1s peak appears on the uncoated Pd
control and can be attributed to the nitrogen contamination of
the silicon substrate (see Figure S2), since nitrogen is highly
unlikely to chemisorb on Pd at a low temperature.”"** Then,
sharp N 1s and Br 3d peaks representing the cationic head of
TOAB and CTAB, respectively, are present after surfactant

https://dx.doi.org/10.1021/acsanm.0c00020
ACS Appl. Nano Mater. 2020, 3, 2647—2653


http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c00020/suppl_file/an0c00020_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c00020/suppl_file/an0c00020_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00020?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00020?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00020?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00020?fig=fig1&ref=pdf
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c00020?ref=pdf

ACS Applied Nano Materials

www.acsanm.org

deposition, and N 1s and CI 2p peaks are observed for the
CTAC-coated sample. For PVP, the sharp N 1s peak indicates
its presence (see Tables S1 and S2 for the quantitative
analysis). Furthermore, on all coated samples, the Pd 3d peak
exhibits a “shoulder”, which is an indication for the (surface)
oxidation of the Pd after surfactant deposition. This feature
then disappears immediately upon exposure to H, and the
corresponding reduction of the Pd surface, as verified by XPS
analysis (Figure S3).

To probe the hydrogen sorption kinetics of the five systems,
we used plasmonic nanospectroscopy.”*™>° It relies on the fact
that the LSPR wavelength of a hydride-forming metal
nanoparticle is proportional to the hydrogen uptake through-
out the a-phase region at a low-hydrogen partial pressure; the
a + f-phase-coexistence region (“plateau”) at the first-order
phase transition to and from the hydride (f-phase); and finally,
the pure f-phase region at a high-hydrogen partial pressure.
Here, we used the spectral shift of the LSPR peak position
(Apeq) as the readout (Figure 1d) in an experiment, where
the samples were exposed to a stepwise hydrogen pressure
increase/decrease to/from 320 mbar pure H,, a pressure at
which Pd hydride forms spontaneously at room temperature
(at this pressure, the hydride appears as f-phase; see the
pressure—composition isotherm in Figure S4). The corre-
sponding hydrogen absorption and desorption kinetic curves
are depicted in Figure 2a,b, respectively.

Under these conditions, the bare Pd control exhibits
absorption and desorption times of 0.8 and 8.3 s, respectively.
The absorption and desorption times are defined as fgy: the
required time to reach 50% of the LSPR signal from the
minimum (in the absorption process) or from the maximum
(in the desorption process). Interestingly, all of the samples
capped with cationic surfactants (ie, CTAB, TOAB, and
CTAC) exhibit significantly slower hydrogenation kinetics, but
the capping does not completely prevent hydrogen absorption
and desorption (Pd hydride pressure—composition isotherm
retained after the coating; see Figure S5). The latter
observation is in agreement with Ibafez et al. who found
Pd@TOAB nanoparticles to still respond to hydrogen, in
contrast to thiolate-coated ones.” Among the different cationic
surfactants tested here, CTAB has the strongest effect and
increases the absorption time to 4.6 s and desorption time to
42 s. TOAB decelerates the kinetics to 2.0 s for absorption and
20 s for desorption. Finally, CTAC has the weakest effect and
only slows absorption to 1.6 s and desorption to 15 s.

To discuss the possible reasons for these observations, we
remind ourselves that the conformation of cationic surfactant
molecules on metallic surfaces has several characteristics that
are of importance here:">~* (i) The interaction between the
surfactant and the metal surface occurs through the halide
anion, whereas the hydrophobic alkyl chain points away from
the metal surface. The halide anion electrostatically interacts
with the cationic ammonium surfactant head. (ii) The
surfactants attain a bilayer structure on the metal surface, if
the concentration in solution is high enough.'* Considering
these two properties, we can attribute the stabilization of the
nanoparticles to a combination of electrostatic and steric
interactions between the surfactants and nanoparticle surface’
(Figure S6). As the first consequence of these two factors,
since the polar head groups with the hydrophobic alkyl chains
interact with the Pd surface, they effectively block a significant
fraction of Pd surface atoms. The consequently reduced
number of available sites for H, dissociation or association

2649

Bare Pd Pd@CTAB Pd@TOAB Pd@CTAC Pd@PVP

E 1Ha) 1 (b)
0.8
2
3 0.6
8 k-
N o4
T
£ 0.2
o
Z 0
024 6 81012 0 50 100 150
Time [s] Time [s]

N W Aa
o O o o

Absorption time [s]
[s] swn uondioseqg

N
o

0
Bare Pd Pd@CTAB Pd@TOAB Pd@CTAC Pd@PVP

() (o) ® 9y

2 H2 2

Teosses 8% a0  FiSepee

SN NG 1l
Pd Pd Pd

Figure 2. Bare and CTAB-, TOAB-, CTAC-, and PVP-coated Pd
nanoparticle LSPR peak position shift (Al ,,) (a) to stepwise
exposure to 320 mbar H, from vacuum and (bs to stepwise exposure
to vacuum after equilibration at 320 mbar H,. The Al shift is
normalized by setting A, of Pd as 0 and A, of saturated Pd hydride
as 1. The gray-shaded area denotes the 320 mbar hydrogen pressure
condition. The measurements were performed at 30 °C. (c)
Absorption and desorption times, defined as tg, for the bare Pd
and the four different surfactants, defined as ts,, as derived from (a)
and (b). The error bars denote the standard deviation from three
measurements on one sample. We note that the cationic surfactants
CTAB, TOAB, and CTAC significantly decelerate the kinetics,
whereas PVP accelerates both hydrogen absorption and desorption.
Schematic depictions (not to scale) of the cationic surfactant
adsorption on a Pd surface and the hydrogen interaction at the
interface for (d) Pd@CTAB, (e) Pd@TOAB, and (f) Pd@
CTAC.H™*

during absorption and desorption, respectively, thus increases
the response time for complete (de)hydrogenation. This is in
mechanistic agreement with a study of a similar system (Pt@
CTAB), where Borodko et al. observed that the polar heads
reduce the accessible Pt surface area using CO as the probe
molecule.” Furthermore, it is in agreement with our CTAB
adsorption coverage measurement on an annealed Pd film
using a quartz crystal microbalance (QCM™®), which confirms
a surface coverage of 1.3 molecules/nm” for a CTAB solution
concentration of 10 mM and assuming that the molecules form
a bilayer structure (see Figure S6). This coverage is similar to
the result reported by Yuan et al’' and thus confirms the
occupation of a significant fraction of surface atoms by CTAB.
At the same time, it is clear that enough Pd sites are still
available for efficient H, dissociation even if three neighboring
Pd atoms are required, as demonstrated for a Pd(111)
surface,sz’53 since a Pd atom on a (111) surface™” occupies
6.55 A%, compared to the 1.3—1.5 molecules per 100 A* for
CTAB and CTAC, respectively.

Considering this mechanism, it is now interesting to discuss
a second aspect. We find that the two Br-head surfactants
CTAB and TOAB exhibit a significantly different slowing effect
despite chemically similar polar head groups. In our
mechanistic picture, this can be understood based on the
fact that TOAB has four octyl chains instead of three methyl
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chains and one cetyl chain in CTAB. The projected area of
TOAB on the surface is thus about twice as large as for CTAB
in an upright packing geometry.>> Effectively, this leads to a
lower TOAB packing density on a Pd surface due to steric
hindrance."”*® Moreover, the alkyl chain of TOAB is shorter
than that of CTAB. A surfactant with a shorter alkyl chain has a
higher degree of disorder than that of the one with a longer
alkyl chain.”” Consequently, for the TOAB-capped Pd surface,
more Pd sites will be available to hydrogen, which is in
agreement with the observed faster response. These two
different adsorption scenarios are schematically illustrated in
Figure 2d (Pd@CTAB) and Figure 2e (Pd@TOAB) and agree
well with a similar ligand-packing hindrance mechanism
identified for catalytic surface reactions on colloidal nano-
particles in several works.”®*” Turning to the third cationic
ligand studied, CTAC, it is clear that the same argument does
not apply because in this case the alkyl chains are identical to
CTAB. The similarity in ligand structures between CTAB and
CTAC leads to a similar bilayer structure on the surface
(Figure 2d s 2f). Additionally, a corresponding QCM
measurement reveals a similar adsorption coverage for CTAB
and CTAC (1.3 vs 1.5 molecules/nm? respectively. See Figure
S7). Nevertheless, we observe a significantly different response
to hydrogen in the Pd@CTAB and Pd@CTAC systems.
Hence, this difference must be a consequence of the different
chemistry of the anion, for which it is known that Br™ interacts
more strongly with Pd compared to CI™.**** As we discuss in
detail below, this effect alters the apparent activation barrier for
the rate-limiting step and thus, via a second mechanism, the
hydrogen absorption and desorption times.

Now turning to the PVP system, which belongs to a different
class of cappin% agents with only a weak interaction with the
metal surface,’” we find the opposite behavior. Specifically, a
PVP capping layer substantially accelerates absorption and
desorption times to 0.7 and 6.3 s, respectively (Figure 2c).
This observation is in good agreement with a study by Ngene
et al, who found a kinetic-enhancement effect for poly-
(tetrafluoroethylene) (PTFE)-coated Pd thin-film hydrogen
sensors,”” and our recent conclusion that a polymer coating on
Pd-based hydride-forming nanoparticles will lead to faster
hydrogen absorption and desorption due to the associated
reduction of the apparent activation barriers.”> At the same
time, this finding is in disagreement with a recent study by
Johnson et al.>® who observed a slower hydrogen uptake from
colloidal Pd nanocrystals coated with PVP, which may indicate
that the specific nanostructure and exposed facets may also be
important or, as discussed in the introduction, this may be the
consequence of the applied cleaning procedure to remove the
surfactants.

As the next step of our analysis, we turn to a more
quantitative discussion of the measured kinetics. Mechanisti-
cally, during hydrogen absorption, the H, molecule first
dissociates on the Pd surface, followed by the diffusion of the
dissociated H® into subsurface sites as the rate-limiting step
and further diffusion into interstitial lattice positions, where it
occupies octahedral sites.’ Reversely, upon hydrogen desorp-
tion, the interstitial H® atoms diffuse to the surface, from which
they—as the rate-limiting step—associatively desorb as H,. To
extract the apparent activation energies from our experiment,
we constructed Arrhenius plots for each surfactant system and
the bare Pd control for both hydrogen absorption and
desorption (Figures 3a,b and S8 for raw data).
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Figure 3. Arrhenius plots for H, (a) absorption in and (b) desorption
from bare and CTAB-, TOAB-, CTAC-, and PVP-coated Pd
nanoparticles, respectively. t5, is the required time to reach 50% of
the optical signal from 0% (in the absorption process) and from 100%
(in the desorption process). Error bars correspond to the standard
deviation of three independent measurements. In most of the cases,
the error bars are smaller than the symbols. (c) Apparent activation
energy difference, AE,, between a bare Pd reference and the different
surfactant-coated Pd samples.

We note an increase in the apparent activation energy for the
cationic surfactants CTAB, TOAB, and CTAC, whereas it is
reduced for the PVP stabilizer. From these Arrhenius plots, we
extracted the apparent activation barriers for bare Pd, Pd@
CTAB, Pd@TOAB, Pd@CTAC, and Pd@PVP and found
20.3, 34.6, 32.7, 24.5, and 13.9 kJ/mol H,, respectively, for
absorption and 59.0, 80.6, 79.4, 71.9, and 49.3 kJ/mol H,,
respectively, for desorption. As evident when comparing the
change in the apparent activation energy, AE,, relative to the
bare Pd control (Figure 3c), CTAB and TOAB show the
largest and very similar increase in E, whereas AE, is
significantly smaller for CTAC, corroborating that it is the
strength of the interaction between the halide ion and the Pd
surface that dictates the change in the apparent activation
barrier.**~* In addition, the interaction between the surfactant
and the Pd is obviously seen from the XPS analysis of the Pd
3d peaks (Figure S9 and Table S3). Among the cationic-type
surfactants, CTAB induces the largest peak position and
FWHM shifts to the Pd 3d peak, followed by that of TOAB
and CTAC. Furthermore, this result is perfectly in line with
our analysis above (cf. Figure 2), where we predicted that
different response times for CTAB and TOAB were mainly
dictated by the different surface densities of the two systems,
and not by the interaction of their cationic head groups with
the Pd surface. Finally, our analysis also nicely rationalizes the
found response time decrease for PdA@PVP compared to bare
Pd as the consequence of the PVP coating reducing the
apparent activation barriers, in agreement with the previous
observations for other polymer coatings.®®

B CONCLUSIONS

We have developed an experimental approach to study the
impact of the four most common surfactants and stabilizers
(CTAB, TOAB, CTAC, and PVP) used in colloidal synthesis
of Pd nanocrystals on their performance of catalyzing surface
reactions. This approach exploits nanolithography-based
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fabrication of initially surfactant-free arrays of nanoparticles on
a surface, onto which the surfactant capping is applied after
having executed a baseline performance test of the surfactant-
free system. As the model reaction, we compared the hydrogen
absorption and desorption kinetics on Pd nanodisks by
quantifying both response and recovery times upon hydrogen
exposure, as well as by determining the corresponding
apparent activation energies. From the experiments, we
concluded that cationic surfactants CTAB, TOAB, and
CTAC significantly decelerate the (de)hydrogenation surface
reaction, whereas the PVP coating significantly accelerates it.
For the cationic surfactants, we found the amplitude of
deceleration to be dictated by the interplay between the halide-
ion—Pd surface interaction strength and surfactant surface
density. For PVP, polymer—metal bond formation lowers the
hydrogen absorption and desorption apparent activation
barriers and thus accelerates the kinetics. These results
highlight the critical importance of quantitative understanding
of the role of surfactants in a specific application of a
nanocrystal system and how dramatically different properties
the same type of nanoparticle can exhibit depending on the
type of surfactant on its surface. Furthermore, since both
positive and negative effects were observed, our findings
demonstrate that the appropriate choice of a surfactant from an
application perspective may significantly enhance the perform-
ance of a colloidal nanoparticle system. For the specific
investigated case of Pd—hydrogen interactions, our results are
important because Pd nanocrystal systems have recently
attracted significant attention in applications such as plasmonic
hydrogen sensors.” For such systems, the response time is
identified as a key challenge® toward meeting the hydrogen
sensor performance targets defined by the U.S. Department of
Energy.36 In a wider perspective, our results also point at
interesting opportunities for tailoring surface catalytic proper-
ties of nanoparticles by rationally designing ligand—metal
nanoparticle interactions optimized for, for instance, a specific
catalytic reaction.

B METHODS

Palladium Nanodisk Fabrication. Samples were fabricated on
both glass (Borofloat, Schott Scandinavia AB) and silicon substrates
with hole-mask colloidal lithography (following procedures detailed
elsewhere®*®®). The Pd evaporation pellet was provided by Kurt J.
Lesker Company (purity 99.95%). The average diameter of Pd
nanodisks is 170 nm, dictated by the average size of colloidal
polystyrene nanobeads used to create the mask during nano-
fabrication. The height of the nanodisks is 25 nm. Subsequent
thermal annealing at 500 °C in 4% H, in Ar carrier gas for 24 h leads
to recrystallization and Pd nanodisk diameter shrinkage of a few
nanometers.

Surfactant Coating Procedures. The surfactants CTAB (Sigma-
Aldrich, purity >98%), TOAB (Sigma-Aldrich, purity 98%), CTAC
(TCI, purity >95.0%), or PVP (Sigma-Aldrich, M,, ~ $5000)
dissolved at 1 or 10 mM concentrations in Milli-Q_ water were
dropcast onto the sample surface. For that purpose, the sample was
placed on a three-dimensional (3D)-printed scaffold, which after
dropcasting was transferred to a Petri dish with an attached lid to
incubate for 24 h. Subsequently, the excess surfactant solution was
washed away in Milli-Q water and the sample was blow-dried with N,
gas.

Transmission Electron Microscopy (TEM) and Scanning
Electron Microscopy (SEM). Pd nanodisks before and after
annealing, nanofabricated onto a SiN, membrane, were imaged
using a Tecnai T20 TEM microscope, operating at 200 kV with a
LaB6 gun. For SEM imaging, a Zeiss Supra 60 VP was used. The

samples were prepared on a silicon wafer to minimize charging during
imaging. The electron beam energy was 10 kV. The working distance
was S mm, and an in-lens detector was employed.

Hydrogenation Kinetics Measurements. The kinetics meas-
urements were performed in a custom-made vacuum chamber setup
with optical windows reported earlier.”> The absolute hydrogen
pressure in the chamber was monitored using two capacitive pressure
gauges with different pressure ranges (MKS Baratron). Optical
transmittance measurements through the sample were enabled by
UHV-compatible sapphire windows mounted on the vacaum chamber
and by using a fiber-coupled, unpolarized white light source (Avantes
AvaLight-Hal) and a fixed-grating, fiber-coupled spectrophotometer
(Avantes SensLine AvaSpec-2048XL). The pressure inside the
chamber was controlled using a microbar-precision leak valve. The
temperature was controlled with a heating coil wrapped around the
chamber and a temperature controller (Eurotherm 3216N) in a
feedback loop manner, where the sample surface temperature inside
the vacuum chamber was continuously used as the input. The LSPR
peak descriptor, 4., Was obtained by fitting a Lorentzian function to
the LSPR peak in the measured optical extinction spectra.

X-ray Photoelectron Spectroscopy (XPS). A PerkinElmer PHI
5000C XPS system was used, and the samples were prepared on a
silicon substrate to minimize charge buildup. The scanning resolution
was 0.125 eV, and the C—C/C—H 1s peak was set to 384.5 eV as
reference. For analysis, Multipak 6.0 software was employed with a
Shirley-type background correction.

Quartz Crystal Microbalance (QCM). The QCM measurements
were performed to measure the surfactant adsorption coverage on a
Pd film (Q-Sense AB). A 100 nm Pd film was evaporated by e-beam
PVD onto a Q-Sense QSX 303 sensor and annealed at 450 °C for 24
h to induce crystallization. CTAB and CTAC solutions (10 mM)
diluted in Milli-Q water were prepared. The QCM experiment was
carried out at a constant flow rate of 50 yL/min, and the module
temperature was kept at 35 °C. The adsorption measurement
procedure consists of Milli-Q water flush (as baseline) followed by a
surfactant solution flush. It is worth noting that a corresponding
TOAB measurement was not possible due to clogging of the QCM
flow system.
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