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ABSTRACT: Cationic surfactants are widely used in the colloidal

synthesm' of n'oble n}etal nanopart%c'les in general, and of Pd T ——_——— 02— Hz Surfactant-free
nanoparticles in particular, to stabilize them toward aggregate Plasma nanoparticle
formation in solution and to promote shape-specific particle

growth. Despite the benefits at the synthesis stage, these o2 8

surfactants can be problematic once the nanoparticles are to be o

+ 4+ ¢
applied as they may both geometrically block and electronically + +
alter surface sites that are important for surface chemical reactions. - ib&o s &
This is particularly relevant in applications like bio- and
chemosensors where analyte-nanoparticle surface interactions
constitute the actual sensing event. Here, H, sensors based on Pd and its alloys are no exception since the dissociation of H, on
the particle surface is the first step toward hydride formation and thus hydrogen detection, and it has been demonstrated that the
presence of surfactant molecules detrimentally affects the hydrogen sorption rate. Here, we therefore develop a scheme to remove
cationic surfactants from Pd nanoparticle surfaces by means of subsequent O, and H, plasma treatment, whose effectiveness we
verify by X-ray photoelectron spectroscopy. Furthermore, we find that the plasma treatment both alters the surface structure of the
Pd nanoparticles at the atomic level and leads to surface contamination by so-called H, plasma swift chemical sputtering of Al, Si and
F species present in the plasma chamber, which in combination significantly reduce hydrogen sorption rates and increase apparent
activation energies, as revealed by plasmonic hydrogen sorption kinetic measurements. Finally, we show that both these effects can
be reversed by mild thermal annealing and that after the complete plasma cleaning—thermal annealing sequence hydrogen sorption
rates essentially identical to the ones of neat Pd particles never exposed to cationic surfactants can be achieved. This advertises
tailored plasma cleaning and mild heat treatments as an effective recipe for the removal of surfactant molecules from nanoparticle
surfaces.

KEYWORDS: palladium, hydrogen, hydride, cationic surfactant, nanoparticle, H, plasma, O, plasma, plasma treatment

B INTRODUCTION limiting step, which on a clean Pd surface for hydrogen
absorption is the step from the surface to the first subsurface
site”” and associative desorption of H, from the surface for the
reverse process.”> However, it has also been shown that surface
contaminants such as carbon monoxide (CO)**™*° and
sulfuric or sulfidic compounds (e.g, SO, and H,S),” > as
well as surfactant molecules used for colloidal synthesis of Pd
nanocrystals®”*" distinctly affect the rate of hydrogen sorption
and the corresponding energetics.”>*® At the same time,
surface contamination is unavoidable upon exposure to
ambient conditions or in colloidal Pd nanoparticle synthesis
due to the multiple key roles of surfactants/capping agents,

Pd films and nanoparticles, and their derivatives in terms of
alloys, find wide application in processes and technologies
where the interaction of molecules with their surfaces is a key
step, such as in heterogeneous catalysis,l_3 gas storage,“’5 gas
separation membranes,”” and gas sensors.””'? In this context,
the interaction of Pd surfaces with hydrogen gas is an
interesting subcategory,”®'>'* where many applications
exploit the exceptional ability of Pd to efficiently dissociate
molecular hydrogen (H,) at ambient conditions and absorb H
into its lattice in interstitial sites, eventually forming a
hydride."® In many of these applications, the kinetics of H,
dissociation and/or absorption and desorption into/from the
interstitial sites in the Pd lattice is a crucial aspect of the
targeted performance because it determines, for instance,
kinetics of a catalytic reaction,'®"” response times of hydrogen
sensors,”'*™*% or the loading time of a hydrogen storage
medium.”' Tt is therefore clear that the state of the surface -
plays a critical role when defining the barriers of the rate

EEAPPLIED
NANO HATERIALS

Received: January 10, 2023
Accepted: April 24, 2023
Published: May 4, 2023

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsanm.3c00141

W ACS PUbl ications 8168 ACS Appl. Nano Mater. 2023, 6, 8168—8177


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Iwan+Darmadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordi+Piella"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alicja+Stolas%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carl+Andersson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+Tiburski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kasper+Moth-Poulsen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christoph+Langhammer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christoph+Langhammer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsanm.3c00141&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00141?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00141?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00141?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00141?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00141?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aanmf6/6/10?ref=pdf
https://pubs.acs.org/toc/aanmf6/6/10?ref=pdf
https://pubs.acs.org/toc/aanmf6/6/10?ref=pdf
https://pubs.acs.org/toc/aanmf6/6/10?ref=pdf
www.acsanm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsanm.3c00141?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsanm.org?ref=pdf
https://www.acsanm.org?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Applied Nano Materials

www.acsanm.org

e

Extinction [a.u.]

(©

(d)

R R

A

peak

Surfactant
Pd
Substrate
CTAB/CTAC TOAB
- Br or Cl head- ‘%\
alkyl tail(s)

S A I Y

Pd

.

400

500

600 700 800

A [nm]

Figure 1. (a) Artist rendition of a quasi random Pd nanoparticle array nanofabricated onto flat support, such as a Si or fused silica wafer used in this
work. (b) SEM and (inset) TEM image of the Pd nanoparticles used for this study (both scale bars are 200 nm). (c) Schematic depiction of the
cationic surfactant molecule coating on a Pd nanoparticle surface (not to scale). (d) Illustrations of CTAB, CTAC, and CTAB molecular structures
and their respective bilayer formation on a Pd surface (not to scale). (e) Optical extinction spectrum of an array of Pd nanoparticles as shown in b
exhibiting a distinct localized surface plasmon resonance (LSPR) peak at ~520 nm plotted together with an extinction spectrum measured for the
same array but with the Pd in its hydride state, PdH,. The spectral position of the LSPR peak (AZ,.,) scales linearly with the H/Pd ratio.*

such as solubilizing the initial reagents, directing shape-selected
particle growth, and preventing nanoparticle aggregation in
suspension.”

Among these capping agents, surfactants of the cationic-type
that are based on quaternary ammonium salts, for example,
CTAB (cetrimonium bromide), CTAC (cetrimonium chlor-
ide), and TOAB (tetraoctylammonium bromide), are widely
used since they adsorb on the nanoparticle surface providing
both steric and electrostatic stabilization against aggrega-
tion.”> ™ At the same time, their selective adsorption onto
specific crystalline facets constitutes the basis for the shape-
controlled synthesis of most metal nanoparticles in general and
Pd in particular.””~*' However, in this adsorption process, the
halide ions (Br~ or CI7) bind strongly to the Pd surface’”**
and thereby effectively block a significant fraction of surface
sites, such as the H, dissociation (recombination) sites of
particular interest here, from access for other species, which
leads to a significant decrease in hydrogen sorption rate.*”
Furthermore, the metal-halide bond locally alters the electronic
landscape of the surface and thereby the relevant activation
barriers during the hydrogen sorption process.”

To this end, numerous attempts have been made to remove
cationic-type surfactant molecules from metallic nanoparticle
surfaces using electrochemistry,"”** chemical™ or heat-treat-
ment,” and UV-ozone cleaning.3‘46 While electrochemical
cleaning has been shown to be efficient, its applicability is
limited. Heat treatment potentially deforms and aggregates the
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nanoparticles. In the UV-ozone cleaning process, ionized
species of oxygen in combination with UV-light are used to
remove the contaminates via chemical reactions between ions
and contamination that form readily desorbing volatile
compounds.”’
(as well as heat-treatment and chemical cleaning) usually
requires long processing times. For example, UV-ozone and
heat treatments that remove cationic-type surfactants from Pd
surfaces have been reported to take several hours’>** and even
more time-consuming chemical cleaning procedures using, e.g.,
tert-butylamine (TBA) solution to remove Br~ take up to 3
days.*® In addition, heat and UV-ozone treatments tend to
oxidize Pd. Due to those limitations, a more efficient and
benign approach to remove cationic-type surfactant molecules
from metal nanoparticle surfaces in general and from Pd
surfaces in particular is important to be developed.

In this work, we therefore develop and investigate in detail
the removal of the three cationic surfactants CTAB, CTAC
and TOAB from nanofabricated Pd nanoparticle surfaces by
means of H, plasma and O, plasma, and its impact on the
hydrogen sorption properties of these particles, as well as on
their surface structure. For this purpose, we use high-resolution
X-ray photoelectron spectroscopy (XPS) and transmission
electron microcopy (TEM) in combination with localized
surface plasmon resonance (LSPR) based hydrogen sorption
rate measurements.’ Specifically, we execute our experiments
on the basis of initially surfactant-free nanoparticles immobi-

Despite its effectiveness, UV-ozone cleaning

https://doi.org/10.1021/acsanm.3c00141
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Figure 2. (a) Schematic of surfactant removal using sequential O, plasma and H, plasma treatment. O, plasma removes the surfactants’ alkyl tail
and likely the non-Pd-binding cations, while H, plasma removes the halide cations from the Pd surface. High-resolution Pd 3d and Br 3d/Cl 2p
XPS spectra of (b) PA@CTAB, (c) PA@TOAB, and (d) PA@CTAC with the respective plasma treatments: (i) O, plasma, (ii) H, plasma, and (iii)

sequential O, plasma — H, plasma.

lized on a surface by nanofabrication (rather than actually
using colloidal Pd nanoparticles synthesized in solution) that
we subsequently expose to different capping agents, following a
scheme we have introduced earlier.*® This approach enables
the tracking of the impact of the cleaning process on the
nanoparticle structure and function in an efficient way, since a
control experiment from the pristine, surfactant-free, and
uncleaned sample is always readily available as the first step of
a series of experiments.

B RESULTS AND DISCUSSION

The quasi-random arrays of Pd nanoparticles (Figure 1a) used
for this study were nanofabricated onto flat fused silica (for
optical hydrogen sorption measurements) or oxidized Si wafer
(for XPS) substrates using the hole-mask colloidal lithography
method described in detail in our previous work’”**** and in
brief in the Methods section. After fabrication, we annealed the
nanoparticle arrays at 500 °C for 24 h in 4% H, in Ar carrier
gas to induce recrystallization into polycrystalline structures
with few grains and low index surface facets’>>" (Figure 1b).
To subsequently self-assemble a bilayer of surfactants onto the
particles,?’z’38 we drop-cast CTAB, TOAB, or CTAC water
solutions (10 mM), respectively, onto the sample and left it
incubate for 24 h (Figure 1c). Excess solution was
subsequently rinsed-off with Milli-Q water, followed by drying
in a N, stream. Here, we note that CTAB and CTAC have
similar molecular structures with one long alkyl tail but are
distinct in their counterion, i.e., Br™ in CTAB and CI” in
CTAC, with which they bind to the Pd surface®****
(Figure 1d). At the same time, CTAB and TOAB feature
cationic quaternary ammonium but the former has one long
alkyl chain, whereas the latter has four shorter tails. As a
consequence of the different steric hindrance exhibited by
these tails, CTAB and CTAC form a denser layer compared to
TOAB, as illustrated schematically in Figure 1d.”*™>° Finally,
to investigate both the impact of the presence of the
surfactants and subsequently of the plasma cleaning procedures
on the state of surface activity of the Pd nanoparticles, we
monitored the hydrogen sorption rate using localized surface
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plasmon resonance (LSPR) based sensing, according to the
principle illustrated in Figure le, which tracks the LSPR peak
position while the nanoparticle (de)absorbs hydrogen.” Since
the LSPR peak position shift (A4, scales linearly with the
H/Pd ratio," its temporal evolution represents the hydrogen
sorption rate, which is dictated by the rate-limiting H-diffusion
step from the surface to the first subsurface layer for
absorption.””*® Hence, it is expected to be directly affected
by the presence of surface contamination’”*****” and
changing surface structure,”>®>? and thus to be well-suited
to serve as a model reaction for investigating the impact of
plasma cleaning on the surface reactivity of Pd nanoparticles.

To start this investigation, we prepared five samples, wherein
one was kept as-is after nanofabrication and annealing to serve
as negative control (neat Pd). The remaining three samples
were coated with a bilayer of CTAB (Pd@CTAB), CTAC
(Pd@CTAC), or TOAB (Pd@TOAB), respectively, using the
procedure outlined above. For each surfactant type, the four
samples subsequently underwent different treatment: (i) the
first sample was kept as-coated, while the remaining three were
treated with (ii) O, plasma, (iii) H, plasma, or (iv) O, plasma
and H, plasma in sequence (see the schematic in Figure 2a and
the Methods section for plasma dosage details).

Focusing first on PA@CTAB, XPS analysis reveals a distinct
Br 3d peak (BE =~ 68.8 eV) for as-deposited PdA@CTAB, which
decreases significantly after both O, and H, plasma treatments
(Figure 2b). Closer inspection shows that H, plasma appears
to have completely removed the Br™ (reduction from 6.3 at. %
to 0.0 at. %) within the elemental quantification resolution
limit of 0.4—1.0 at. %. of the used XPS system, whereas after
the O, plasma treatment some trace of Br™ is still measurable
(reduced from 6.3 at. % to 1.9 at. %) (Figure 2a and Table S1
for more detailed quantitative analysis). Most likely, the O,
plasma removes the Br~ of the outer layer of the bilayer (the
one that does not bind to Pd) as illustrated in Figure 2a. As a
second key point, analyzing the Pd 3d peaks for these three
samples reveals the appearance of distinct “shoulders” in the
spectrum after the O, plasma, which indicates significant
surface oxidation of the Pd particles. Notably, these shoulders

https://doi.org/10.1021/acsanm.3c00141
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Figure 3. Temporal response of (a) PA@CTAB, (b) PA@TOAB, (c) PA@CTAC, and (d) neat Pd to a stepwise 0 — 320 mbar H, pressure change
at 30 °C before and after plasma-annealing treatments. The pressure change was executed at = 0 s. The response was measured after (i) O, plasma
— H, plasma (blue) and (ii) O, plasma — H, plasma —250 °C annealing (yellow). ty, that is, the time to reach 50% of the total normalized
response for (e) PA@CTAB, (f) PA@TOAB, (g) PA@CTAC, and (h) neat Pd, respectively. The error bars are the standard deviation obtained
from three measurements. The arrows highlight the trend after each treatment step.

are absent both for the as-deposited PdA@CTAB sample and
after H, plasma. This is expected due to the oxidizing and
reducing nature of O, and H, plasma treatments, respectively.
Hence, in principle, these findings would advertise H, plasma
as the superior solution due to both its superior halogen
species removing performance and benign properties with
respect to inducing surface oxidation, that we also confirmed
for PA@TOAB (Figure 2c) and PdA@CTAC (Figure 2d; see
the quantitative analysis in Table S1). Unfortunately, however,
it has also been shown that H, plasma is inefficient for the
removal of carbonaceous species, which in our present case
translates to the alkyl tail(s) of the surfactant molecules.’’
Therefore, O, plasma in combination with H, plasma is
necessary to remove the surfactant molecule completely.
Furthermore, as the corresponding XPS analysis reveals for
all three surfactants, subsequent O, plasma and H, plasma
treatment (O, — H,) not only removes the surfactants but
also leaves the Pd surface in its reduced metallic state (Figure
2b—d).

Having established this O, — H, plasma cleaning scheme
(below simply referred to as “plasma treatment”), it is now
interesting to investigate its impact on the H, absorption rate
for the PdA@CTAB, PdA@TOAB and Pd@CTAC systems, as
well as an uncoated neat Pd control (Figure 3a—d). As
observed previously,32 formation of the surfactant bilayer on
the Pd significantly decelerates the H, absorption rate, with
CTAB having the strongest deceleration effect, followed by
TOAB and CTAC. As we have shown, this is the consequence
of both (i) the surfactant packing density that hinders the H,
diffusion to the Pd surface and (ii) the Br~ (or CI7) — Pd
bond, which decreases the number of H, dissociation sites on
the Pd surface.”” Accordingly, although both have identical Br~
counterions, TOAB is less densely packed on the Pd surface
than CTAB due to its bulkier molecular structure, which
explains TOAB’s more moderate deceleration effect compared
to CTAB. On the other hand, although CTAC has a similar
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packing density as CTAB in the bilayer, the deceleration effect
is weaker because the Cl—Pd interaction is weaker than that of
Br—Pd.*”*

Having established the impact of the three different
surfactants on the hydrogen absorption rate, we now assess
the effect of subsequent plasma treatment. Evidently, plasma
treatment of Pd@CTAB recovers its H, absorption rate,
defined as t5o at which 50% of the signal change A/, has
occurred, from 4.6 to 1.3 s (Figure 3a, e). This is, however, still
significantly slower than the absorption rate of the bare Pd
measured on the same sample prior to applying the CTAB, i.e.,
0.8 s (Figure 3e). Executing the same sequence of experiments
on the PA@TOAB (Figure 3b, f) and PA@CTAC (Figure 3c,
g) systems yields a very similar conclusion. Despite the
complete removal of the surfactants by the plasma treatment
confirmed by XPS, the original hydrogen absorption rate
measured prior to surfactant deposition on each sample is not
completely recovered. In fact, and even more intriguingly,
plasma treatment further decelerates the hydrogen absorption
rate of the PA@TOAB system. Finally, we also note that we
consistently make the same observations for the reversed
process, i.e., hydrogen desorption (Figure S1).

To shed light on this surprising effect, we executed the same
experimental sequence on a neat Pd sample that had never
been exposed to any surfactant and found that also in this case
plasma treatment significantly slows down the hydrogen
absorption rate from t5, = 0.8 s to t5, = 2.4 s (Figure 3d, h).
Hence, this observation indicates that plasma treatment
instigates an additional effect on the system beyond surfactant
removal. Interestingly, it is therefore only after 12 h of
annealing at 250 °C in 4 vol % H, in Ar carrier that the
absorption rates are almost completely recovered. In fact, the
absorption rate recovers almost completely to the t;, = 0.8 s
value of the pristine Pd, i.e., PA@CTAB recovers to t;, = 1.3 s,
Pd@TOAB recovers to tsy = 0.9 s, and PA@CTAC recovers to
tso = 1.0 s (Figure 3 and Figure S1 for desorption).

https://doi.org/10.1021/acsanm.3c00141
ACS Appl. Nano Mater. 2023, 6, 8168—8177


https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c00141/suppl_file/an3c00141_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c00141/suppl_file/an3c00141_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c00141/suppl_file/an3c00141_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00141?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00141?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00141?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00141?fig=fig3&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c00141?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

(a) o (b) plasma (c) plasma (d) )
1} Pd@cTAB o ! . 05 B ! plasma g
Ty plasma g A -
o g .05 o 0} Pd@CTAC.§ o 0.5 4
o o o Pd@TOAB .+ R Y P
F % an gros. 0 o ;: L 0 .
4 8 Pd P TR L S - B BBpy
g 0 05} .o 0.5 07
2 4 o= = 1 é‘ KO
A al B b 1 B
3 3.2 3.4 3 31 32 33 3 32 3.4 3 32 3.4
T [x10° K] /T [x10° K] 1T [x10° K] /T [x10° K]
45 | (g)

E, [kJ/mol Hz]

Figure 4. Hydrogen absorption Arrhenius plots for (a) PA@CTAB, (b) PA@TOAB, (c) PA@CTAC, and (d) the neat Pd control, respectively,
obtained by measuring the absorption kinetics at 30 °C, 40 °C, 50 °C, and 60 °C. The error bar in each data point denotes the standard deviation
from three measurements. The absence of an error bar indicates that it is smaller than the symbol size. Apparent hydrogen absorption activation
energy, E, for (e) PA@CTAB, (f) PA@TOAB, (g) PA@CTAC, and (h) the neat Pd control, calculated from the slope of the Arrhenius plots in a—
d, respectively. The error bar denotes the linear-regression uncertainty of the Arrhenius plot. The arrows are guides to the eye that highlight the

trend after each treatment step.

The distinct impact of the plasma treatment on the H,
absorption kinetics is further manifested in the corresponding
apparent activation energy, E,, derived by Arrhenius analysis
(Figure 4). Clearly, after plasma treatment, E, increases by
about a factor of 2 from 20.3 kJ/mol H, to 43.9 kJ/mol H, for
neat Pd, to 42.2 kJ/mol H, for PdA@CTAB, to 44.6 kJ/mol H,
for PA@TOAB and to 36.6 kJ/mol H, for PdA@CTAC. Similar
trends we also again observed for the reverse process of
hydrogen desorption (Figure S2) and the annealing step
recovers E, to close to the initial value, i.e, to 19.3 kJ/mol H,
for neat Pd, to 26.0 kJ]/mol H, for PdA@CTAB, to 25.2 kJ/mol
H, for PA@TOAB, and to 18.9 kJ/mol H, for PdA@CTAC
(Figure 4 and Figure S2 for desorption).

To investigate the reason causing this effect, we performed
an XPS survey scan of a plasma treated Pd nanoparticle sample
(never exposed to surfactants). This scan (Figure S3) reveals
the presence of two unexpected species on the surface: Al and
F (Figure 5). Both Al and F can be traced back to the plasma
chamber (anode) since the chamber itself is comprised of
aluminum and since the same chamber also is used for reactive
ion etching using CF,. Since these species are not observed in
the XPS scans of samples that we placed on a clean 4 in. Si
wafer shield (Figure Sa) it is clear that the origin of Al and F
on the samples indeed is the plasma chamber. Mechanistically,
it can be understood as so-called swift chemical sputtering of
these species by the H, plasma.®’ Finally, we note that also the
use of an Si wafer shield will not completely avoid surface
contamination during H, plasma treatment since an XPS
control measurement on an Au film sample that rested on the
Si wafer shield during H, plasma treatment indeed shows Si
contamination (Figure S4). As the main conclusion from this
analysis, we note that, in principle, all measured contaminants
might detrimentally influence H, sorption kinetics. However,
among the found three species it is likely that F~
contamination is the most relevant one due to its strong
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Figure 5. (a) Schematic depiction of the mechanism behind the
secondary H, plasma sputtering of Al and F contamination onto the
Pd nanoparticle sample from the aluminum plasma chamber (anode)
and how it can be prevented by using a clean Si wafer as sample
support (“shield”) during plasma treatment. We note that the F
contamination has its origin from the plasma chamber that is also
used for CF, reactive ion etching. High-resolution XPS spectra of the
Al 2p (b) and F 1s (c) energy range revealing a distinct Al and F peak,
respectively, and their absence when a Si wafer support was used
during the plasma treatment.
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Figure 6. Transmission electron microscope images of two representative Pd nanoparticles taken (i) as prepared, (ii) after O, plasma, (iii) after H,
plasma, and (iv) after 250 °C annealing. (a) Image sequence for nanoparticle #1 where the yellow dashed-line highlighted area indicates a region
with significant surface roughness changes. (b) Image sequence for nanoparticle #2 where the red dashed lines signify grain boundaries. Note that
the nanoparticle grain boundaries, shape, and size are virtually unchanged after the plasma and annealing treatments.

affinity to Pd, which is similar to other halides, such as Br™ and
CI”, which has been demonstrated to significantly slow down
hydrogen sorption.*”

To also investigate potential structural reasons of the
decelerated hydrogen sorption kinetics after plasma treatment,
we took a series of intermittent transmission electron
microscope (TEM) images along the entire plasma treatment
sequence (Figure 6). The obtained images from two Pd
particles reveal that particle size, shape and grain structure
remain essentially unchanged, while the dark/bright regions
slightly change (Figure 6a, b and Figure SS for images of
additional particles). Although TEM imaging is not a surface
characterization technique, the observed evolution of the
image contrast upon plasma treatment provides some insight
into nanoparticle surface restructuring. Specifically, the darker
regions might stem from high diffraction angles which can be
inferred from induced strain or defects on the surface, as
reported, for example, for lattice dislocations and stacking
faults.”>®® This effect is particularly apparent after the H,
plasma treatment step (Figure 6a, dashed-line highlighted
region) and in line with earlier reports of plasma treatments
structurally altering Pd surfaces at the atomic level.©+%°
Furthermore, atomic force microscopy (AFM) topographical
scans of representative nanoparticles corroborate the surface
structuring as a significant increase of surface roughness from
0.1 + 0.0 nm on a pristine Pd nanoparticle to 0.8 + 0.0 nm
after H, plasma treatment (Figure 7. For additional sampling
details refer to Figure S6 and Table S3). This increasing
surface roughness likely induces defects and thus local lattice
strain. This is a relevant observation because it is well-known
that E, of hydrogen sorption in Pd is correlated with surface
structure.””**°>®” Finally, the last TEM images in the
sequence taken after the 12 h annealing at 250 °C in 4 vol
% H, in Ar carrier gas reveal that a smooth particle surface
reminiscent of the initial state can be recovered, while again
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Figure 7. Atomic force microscopy (AFM) topography linescan and
roughness analysis of representative Pd nanoparticles (a) as prepared
and (b) after H, plasma treatment.

leaving particle size, shape and grain structure essentially
unchanged (Figure 6a, b). It is worth noting that although the
annealing induces a smoother surface, a precise recovery to the
very initial state was not accomplished (compare the first and
fourth columns of Figure 6).

Similarly, investigating the evolution of the Al and F
contamination after 6 and 12 h of annealing using XPS reveals
a distinct reduction of the F contamination over time from 4.6
to 0.5 at. % while leaving the Al concentration essentially
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constant (Figure 8 and Table S2). Here we, however, note that
Al is distributed homogeneously over the entire sample surface
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Figure 8. Time-evolution of high-resolution XPS spectra taken in the
energy range of the (a) Al 2p and (b) F 1s peak. The spectra were
taken directly after the sputtering sequence (t = 0 h) and after the Pd
nanoparticles had been annealed for 6 and 12 h at 250 °C in 4% H, in
Ar carrier gas. (c) Al and F surface concentration in at. % as
determined from the XPS spectra in panels a and b plotted as a
function of annealing time.

during the plasma cleaning. This means that it is also present in
between the Pd nanoparticles on the substrate, an area that
corresponds to approximately 90% of the sample surface due to
the approximately 10% coverage of the Pd nanoparticles.
Second, we note that Pd and Al form a solid solution in the
relevant Al concentration regime,(’8 which means that the Al
contamination on the Pd is dissolved into the particles during
the annealing. Since Al is present only in trace amounts from
the beginning, its concentration in the solid solution in the Pd
particles is so low that it very likely does not sizably affect the
hydrogen sorption kinetics—in line with the observed almost
perfect recovery. Consequently, the measured remaining Al
XPS signal stems to the largest extent from the sample areas
between the Pd nanoparticles where Al remains and likely also
coalesces/sinters into tiny particles during the annealing, which
may explain the slight variation in XPS signal.

B CONCLUSIONS

We have developed an efficient cationic surfactant molecule
removal strategy and illustrated it on the example of Pd
nanoparticles. It comprises subsequent O, plasma and H,
plasma treatments to remove the alkyl tail(s) and halide
headgroups, respectively, as confirmed by high resolution XPS,
followed by a gentle thermal annealing step to restore the
surface state of the particles to preplasma conditions and to
mitigate surface contamination from the plasma chamber
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induced by the H, plasma cleaning step. We have
demonstrated the validity of this approach by investigating
the hydrogen sorption kinetics of the Pd nanoparticles along
the entire process sequence, revealing significant slowing of the
sorption process and apparent activation energy increase in the
presence of surfactant molecules on the surface, as well as after
plasma treatment when the surfactants have been removed.
Only after the thermal annealing step the sorption rates and
apparent activation energies are recovered to levels very similar
to pristine Pd nanoparticles that had never been exposed to
surfactant molecules and plasma treatment. This work thus
advertises tailored plasma cleaning and mild heat treatments as
effective recipe for the removal of surfactant molecules from
nanoparticle surfaces. In a wider perspective, it also highlights
the importance of both careful selection of plasma treat-
ment(s) for the cleaning of nanoparticle and extended surfaces
and detailed analysis of the impact of the cleaning procedure
itself if, for example, the cleaned surfaces are to be used in
surface reactions.

B METHODS

Pd Particle Array Nanofabrication. Samples were fabricated
onto flat surfaces using hole-mask colloidal lithography (HCL)
following the procedures detailed elsewhere.®””° As substrates we
either used fused silica (for the LSPR sensing experiment), a
thermally oxidized Si wafer (for XPS and SEM), or in-house
fabricated”' TEM windows (for TEM imaging). In brief, the key
steps of the nanofabrication procedure are (i) mask preparation via
colloidal PS bead self-assembly, (ii) desired material deposition
through the mask, and (jii) mask lift-off. The average diameter of Pd
nanodisks targeted here was 190 nm and their thickness was 25 nm.
After nanofabrication, the samples were all thermally annealed at 500
°C in 4% H, diluted in Ar (total flow 150 mL/min) for 24 h to induce
a structurally stable state characterized by a high degree of crystallinity
and particles comprising 5—10 crystallites. Notably, their diameter
thereby shrinks to about 170 nm, while the thickness increases to ca.
40 nm due to recrystallization.

Surfactant Coating Procedures. Three types of surfactants, i.e.,
CTAB (cetrimonium bromide), CTAC (cetrimonium chloride), and
TOAB (tetraoctylammonium bromide) were dissolved in Milli-Q
(MQ) water at 10 mM concentration. The solution was then drop
cast onto the nanofabricated Pd surfaces and covered with a glass lid
for 24 h incubation.*” Subsequently, the excess surfactant solution was
washed away in Milli-Q water and blow-dried with N, gas.

Transmission Electron Microscopy (TEM) and Scanning
Electron Microscopy (SEM). The TEM images were obtained using
a Tecnai T20 microscope operating at 200 kV with LaBg filament
electron gun. The SEM images were acquired using a Zeiss 60 VP
operating at 10 kV electron beam energy with working distance of §
mm.

Atomic Force Microscopy (AFM). Measurements were per-
formed using a Dimension 3100 Scanning Probe Microscope from
Bruker operated in tapping mode. The height scan was done over an
area of 1 ym X 1 um with height resolution 0.1 nm. To process the
data (ie., linescan plot and roughness calculation), the Gwyddion
2.48 software was employed.

Hydrogen Sorption Kinetics Measurements. The hydrogen
sorption measurements were carried out in a vacuum chamber setup
with optical windows reported elsewhere.”” The absolute hydrogen
pressure in the chamber was monitored using two capacitive pressure
gauges with different range pressure gauges (MKS Baratron). Optical
transmittance through the sample was enabled by UHV-compatible
fused silica windows mounted on the vacuum 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 temperature was controlled with a
heating coil wrapped around the chamber and a temperature
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controller (Eurotherm 3216) in a feedback loop manner, where the
sample surface temperature inside the vacuum chamber was
continuously used as input. We performed all our experiments at 30
°C. For the activation energy measurements, we measured sorption
time traces of the sample at four different temperatures: 60, 50, 40,
and 30°C. The LSPR peak shift were obtained by Lorentzian fitting of
the peak and extracting the spectral shift.

X-ray Photoelectron Spectroscopy (XPS). A PHI 5000
VersaProbe III (Physical Electronics) was used to confirm surfactant
adsorption on the Pd nanoparticles and their removal, as well as to
characterize contamination induced by the plasma cleaning process
developed. The monochromatized Ka X-rays of Al were used as
excitation source. The high-resolution spectra were recorded with an
energy step of 0.1 eV and a pass energy of 55 eV. The base pressure
was <5.0 X 1077 Pa. For surface concentration quantification the
Multipak 6.0 software was used. The atomic concentration resolution
is in the range of 0.4—1.0 at. %.

Plasma Cleaning Process. The plasma cleaning was done in a
BatchTop m/95 PlasmaTherm Reactive Ion Etcher (RIE). Each cycle
of the O, plasma cleaning recipe comprised 60 s exposure to S0 W,
250 mTorr, and 10 sccm and each cycle of the H, plasma cleaning
recipe comprised 60 s exposure to 100 W, 250 mTorr, and 40 sccm
H, plasma. For the final recipe, we applied two cycles of sequential O,
plasma and H, plasma (as in O, - H, - O, — H,) to ensure the
complete surfactant removal. It is worth noting that order matters: O,
plasma induces oxidized Pd, and therefore the H, plasma is applied
after the O, plasma to revert the oxidation.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.3c00141.

XPS quantitative analysis of surfactant removal, hydro-
gen desorption rate, hydrogen desorption Arrhenius plot
and activation energy, XPS analysis of plasma-treatment
contamination, TEM images, AFM topography analysis
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