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Metal nanoparticle (NP) sintering is a major cause of catalyst deactivation, as NP growth reduces the
surface area available for reaction. A promising route to halt sintering is to deposit a protective overcoat
on the catalyst surface, followed by annealing to generate overlayer porosity for gas transport to the NPs.
Yet, such a combined deposition-annealing approach lacks structural control over the cracked protection
layer and the number of NP surface atoms available for reaction. Herein, we exploit the tailoring capabili-
ties of atomic layer deposition (ALD) to deposit MgO overcoats on archetypal Pt NP catalysts with thick-
nesses ranging from sub-monolayers to nm-range thin films. Two different ALD processes are studied for
the growth of MgO overcoats on Pt NPs anchored on a SiO, support, using Mg(EtCp), and H,O, and Mg
(TMHD), and Os, respectively. Spectroscopic ellipsometry and X-ray photoelectron spectroscopy
measurements reveal significant growth on both SiO, and Pt for the former process, while the latter exhi-
bits a drastically lower growth per cycle with an initial chemical selectivity towards Pt. These differences in
MgO growth characteristics have implications for the availability of uncoated Pt surface atoms at different
stages of the ALD process, as probed by low energy ion scattering, and for the sintering behavior during
O, annealing, as monitored in situ with grazing incidence small angle X-ray scattering (in situ GISAXS).
The Mg(TMHD),—-0O3 ALD process enables exquisite coverage control allowing a balance between phys-
ically blocking the Pt surface to prevent sintering and keeping Pt surface atoms free for reaction. This
approach avoids the need for post-annealing, hence also safeguarding the structural integrity of the as-
deposited overcoat.

Introduction

Metal nanoparticle (NP) catalysts are an iconic branch of cata-
lysts which are used in a variety of chemical industrial pro-
cesses, such as ammonia, methanol or Fischer-Tropsch syn-
thesis, and light alkane dehydrogenation." In the coming
decades, these nanomaterials will form the key enabling
technology to achieving a circular, carbon-neutral economy,
e.g. by converting CO, into renewable fuels or by producing H,
during water electrolysis.”>® Yet, the economic viability of
metal NP catalysts is greatly hindered by their long-term
degradation.””® The main phenomena leading to catalyst de-
activation include fouling, poisoning, vapor formation, reac-
tions between different solids, sintering, and mechanical wear

TElectronic supplementary information (ESI) available: XPS spectra for MgO
coatings on sputtered Pt film, native SiO, substrate, and Pt/SiO, NP systems,
SEM images of bare and MgO coated Pt NPs, LEIS spectra, schematic of the
GISAXS analysis strategy, selection of 2D GISAXS patterns recorded during O,
anneals, evolution in center-to-center NP distance with temperature, derivative
of the gy max versus temperature curves, selection of 2D GISAXS patterns recorded
during propane dehydrogenation-oxidation cycling and the evolution of interpar-
ticle distance during five cycles of propane dehydrogenation-oxidation cycling.
See DOI: https://doi.org/10.1039/d3nr05884k
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such as attrition or crushing.” While some deactivation pro-
cesses can be reversed, others, like sintering, are mainly irre-
versible.'® During sintering, the NP surface energy is reduced
by NP growth, thus decreasing the NPs’ surface-to-volume
ratio."* The inherent drive of NPs to grow is therefore a con-
tinuous challenge to be tackled in order to safeguard the long-
term stability of NP catalysts.’*"*

This journal is © The Royal Society of Chemistry 2024
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In order to delay or prevent sintering, a gamut of strategies
have been developed: synthesizing uniformly-sized NPs,'*"?
solid NP anchoring on strongly interacting support oxides,
introducing kinetic barriers to prevent transport on the
support,'®'? and physically confining NPs.>°>* With respect to
the latter strategy, NPs can be introduced in high surface-area
supports, such as hydrotalcites consisting of 2D stacked
sheets,?® 3D mesoporous matrixes or zeolites.>® An alternative,
more tailored approach is to confine NPs in a porous core-
shell-type structure, akin to ship-in-a-bottle, or by overcoating
NPS.22_24

A remarkable technology to deposit conformal overcoats on
NPs with sub-monolayer thickness control is atomic layer
deposition (ALD).>>° ALD uses sequential self-saturating reac-
tions between gaseous molecules and a solid surface to grow
thin films in a layered fashion.***' A landmark study which
exploits the conformality of ALD to deposit overcoats on NP
catalysts is reported by Stair et al.>*> This study shows that
Al,O; ALD overcoats on Pd/Al,O; catalysts followed by high-
temperature annealing leads to significantly improved stability
of the NP population due to their physical confinement and
results in an enhanced ethane dehydrogenation perform-
ance.*> The high-temperature annealing step is necessary to
crack the Al,O; overlayer and introduce mesoporosity for gas
transport to the NPs. However, this approach offers a limited
level of control over the nature and number of NP surface
atoms available for reaction.

More recently, Chen et al. introduced the concept of site-
and facet-selective ALD.** This would enable the selective
coating (or blocking) of specific NP edges and facets which
display low selectivity and hence degrade the catalyst perform-
ance. While they suggested that selective ALD coating of the
edges of NPs could hinder growth and sintering, to date no
reports provide rich evidence of this intriguing hypothesis.

In this work, we bridge the gap between both discussed
ALD approaches of (i) site-selective, sub-monolayer ALD on NP
edges and facets on the one hand (Fig. 1a), and (ii) conformal,
multi-layer ALD on the entire NP catalyst, followed by anneal-
ing and layer cracking on the other hand (Fig. 1b). In particu-
lar, through cycle-by-cycle deposition of MgO, we navigate
from bare over partially to fully covered NP surfaces, eventually
evolving to the thin film limit of nm-thick overlayers (Fig. 1c).
To have structural control over the deposited overcoat, and
hence also the NP surface atoms available for reaction, no
post-annealing treatment is implemented as part of the fabri-
cation process. Two MgO ALD processes are exploited to over-
coat archetypal Pt NPs anchored on a SiO, support with (sub-)
monolayer thickness control. The MgO growth characteristics
are interrogated by complementary ellipsometry and X-ray
photo-electron spectroscopy (XPS). In addition, low energy ion
scattering (LEIS) is applied to probe the availability of
uncoated Pt surface atoms at different stages of MgO depo-
sition. Secondly, the sintering behavior of the MgO overcoated
Pt NPs is tested during (i) annealing in O, to 800 °C and (ii)
cycles of propane dehydrogenation reaction (C;Hg = C3Hg +
H,, endothermic: AH,o5 = +124 k] mol™) and catalyst regener-
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ation in O, at 600 °C. Monitoring the NP spacing and size in
real-time by in situ grazing-incidence small-angle X-ray scatter-
ing (GISAXS) provides first-hand insights in the impact of the
MgO overcoat on the achieved sintering delay.

Experimental methods
Chemicals

Pt is deposited using alternate exposures of (methyl-
cyclopentadienyl)-trimethylplatinum (MeCpPtMes, 99%, Strem
Chemicals) and O,. MgO is deposited using bis(ethylcyclopen-
tadienyl)magnesium (Mg(EtCp),, >98%, Strem Chemicals) and
deionized water, or bis(2,2,6,6-tetramethyl-3,5-heptanedionato)
magnesium  (Mg(TMHD),, anhydrous, >98%, Strem
Chemicals) and Os. Ar with 99.999% purity (Air Liquide) is
used as a carrier gas for all precursors. O; is produced from a
99% O,/N, mixture with an AC-2025 (IN USA Inc.) generator,
resulting in an O; concentration of 200 pg ml™".

Preparation of supported Pt nanoparticles

ALD of Pt metal NPs is performed in a custom-built vacuum
system with a base pressure of 10~® mbar. Coupons of Si wafer
with native oxide are used as a substrate. Prior to Pt ALD, the
surface is pre-cleaned and oxidized in situ by exposing it for 30
s to O, plasma, using a remote inductively coupled plasma
source with a 13.56 MHz radio frequency (RF) Advanced
Energy power supply and matching network operating at 200
W. MeCpPtMe; is contained in a stainless-steel bottle heated
to 35 °C. The ALD cycle consists of 8 s precursor exposure, 35 s
of pumping, 6 s O, exposure and 30 s of pumping. 25 ALD
cycles are applied at a deposition temperature of 300 °C. A
static mode is used where the valves to the pumping system
are closed during the precursor and O, exposure.”® The
pressure in the chamber reaches ca. 1 mbar during both
exposures.

ALD of MgO

Mg(EtCp), and deionized water are contained in stainless
bottles. The water bottle is kept at room temperature while the
delivery line is heated to 70 °C. The Mg(EtCp), bottle and
delivery line are heated to 40 and 50 °C, respectively. The
temperature of the sample stage is set to 150 or 200 °C. The
Mg(EtCp), and water process is applied in dynamic mode,
which means that the precursors are introduced while the
chamber is continuously pumped by the turbomolecular
pump. A 10 s exposure time is used for both Mg(EtCp), and
water, and the pressure in the chamber reaches 10~ mbar for
each pulse. The pumping times after Mg(EtCp), and H,O
exposure are set to 60 s. Mg(TMHD), is stored in a stainless
steel container at 120 °C and Oj; is used as the reactant. The
pulse time of both reagents is 10 s, while the pumping times
after the Mg(TMHD), and O; exposure are 45 s and 60 s,
respectively. A static mode is employed for the Mg(TMHD),
precursor, and the pressure in the chamber reaches ~1 mbar
during the precursor exposure. During the O; pulse, a pressure
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Strategies for overlayers on NPs: two extremes
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Fig. 1 Schematic illustration of state-of-the-art ALD approaches to overcoat NPs: (a) site-selective sub-monolayer ALD on NP edges, (b) multilayer
overcoats followed by annealing to produce cracks in the layer. (c) Here, the full thickness range, from (sub-)monolayer to nm-thick thin films, is
explored to find the optimal balance between physically blocking the Pt surface to prevent sintering and keeping Pt surface atoms free for reaction.
No post-annealing treatment is implemented to guarantee the structural integrity of the as-deposited overcoat.

of 107 mbar is obtained. The deposition temperature is
250 °C. The deposition of MgO is studied on coupons of Si
wafer with native oxide, coupons of Si wafer coated with 70 nm
of Pt by magnetron sputtering, and on Pt NPs deposited by
ALD on surface oxidized Si, hereafter noted as Pt/SiO,.

Thin film and surface characterization methods

In situ spectroscopic ellipsometry (SE) is performed during
ALD of MgO on Si with native oxide and on Si with sputtered
Pt using a portable spectrometer (M-2000, J.A. Woollam) fitted
directly onto the ALD reactor. The growing MgO layer is fitted
with a Cauchy model. It should be noted that the same optical
model is used to fit all acquired SE spectra, even if the MgO
thin film is likely non-continuous at small thicknesses. For the
thin films deposited on native SiO,, the final thickness is cor-
roborated by ex situ X-ray reflectivity measurements using a
Bruker diffractometer with Cu Ko radiation. A Bruker Artax
X-ray fluorescence (XRF) system with Mo X-ray source and
XFlash Si drift detector is used to determine the Pt loading of
the Pt/SiO, samples. X-ray photoelectron spectra (XPS) are col-
lected on a Thermo Scientific Theta Probe system operating at
a pass energy of 200 eV. Al Ka (4 = 0.834 nm) X-rays are gener-
ated at 15 kV/70 W and focused to a spot size of 0.3 mm by an
MXR1 monochromator. XPS data analysis was performed
using the CasaXPS software package.*> Scanning electron
microscopy (SEM) images are acquired using a FEI Quanta
200F instrument. Low energy ion scattering (LEIS) measure-
ments are performed on a double toroidal energy analyzer
(Qtac100, IONTOF GmbH) with co-axially integrated ion gun
and integrated charge compensation system. The thickness of

5364 | Nanoscale, 2024, 16, 5362-5373

the MgO coating on the Pt nanoparticles is extracted by
measuring the energy loss of 3 keV He' ions scattered in the
bulk of the nanoparticles. The position of the edge of the sub-
surface Pt signal on the energy scale, relative to the Pt surface
peak, is converted to the MgO average layer thickness using a
stopping power of 197 eV nm™" for 3 keV He" ions in MgO, cal-
culated by SRIM, a software package concerning the Stopping
and Range of Ions in Matter.>® This analysis is only done for
fully closed MgO layers, as seen from the absence of the Pt
surface peak in the spectra. For samples with Pt NPs that are
only partially covered with MgO, the fraction of uncoated Pt
surface atoms is obtained from LEIS spectra measured with 5
keV Ne' ions by comparing the area of the peak originating
from Pt surface atoms to the area of the same peak measured
on an uncoated Pt NP sample. Variations in the latter for
different bare Pt/SiO, samples lead to a percent error of 12%
on the extracted fractions.

In situ GISAXS measurements

GISAXS experiments are performed at the DUBBLE BM26B
beamline of ESRF (Grenoble, France) and NCD-SWEET beam-
line of ALBA Synchrotron Light Source (Cerdanyola del Valles,
Spain) using a beam energy of 12 and 12.4 keV, respectively. A
beam size of 600 x 300 pm* [H x V] is used at BM26B, while
the size is 150 x 70 pm? [H x V] at NCD-SWEET. All measure-
ments are performed with an incidence angle of 0.4°. The scat-
tering patterns are acquired with a Dectris® Pilatus 3S 1 M
detector positioned at a distance of ~4.5 m from the sample,
using a 30 s (ESRF) or 10 s (ALBA) acquisition time. GISAXS
patterns are continuously recorded during ramp anneals in O,

This journal is © The Royal Society of Chemistry 2024
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and during propane dehydrogenation-oxidation cycling.
Samples are annealed to 800 °C in a custom-built vacuum
chamber with a dedicated high-temperature heating stage.?”:*®
The heater is controlled with a Eurotherm PID regulator. The
chamber is evacuated to 107> mbar and then filled to 1 bar
with a mixture of 20% O, (99.999%) in He (99.999%) using a
continuous flow of 500 sccm set using a mass flow controller
system (MKS instruments). Propane dehydrogenation—oxi-
dation looping at 600 °C is done at the NCD-SWEET beamline
of ALBA, using a high-temperature annealing chamber.’® Gas
mixtures of 5% propane in He and 20% O, in He are con-
nected to the system, together with high purity He (99.9999%)
that is used to purge the chamber. During gas looping, a
sequence of O, (240 s)-He (60 s)-C3;Hg (240 s)-He (60 s) is
repeated five times.

GISAXS data analysis

The analysis of the recorded GISAXS scattering patterns is per-
formed in a similar way as in our previous work.*”***® A com-
puting routine in Python is applied to each of the recorded
GISAXS images. The first step consists of extracting a 1D hori-
zontal profile, i.e. intensity as a function of gy, I(g,), from the
2D images at the Si Yoneda peak along g..*" The g, value that
corresponds to the critical angle of Si is calculated and the
horizontal profile I(gy) is obtained by integrating the intensity
over 5 neighboring pixels in the g, direction. The main scatter-
ing feature in the 2D GISAXS patterns gives rise to a peak in
the 1D horizontal profiles. The second step is to fit a Gaussian
function to this peak and extract the g, value of the peak
maximum with a confidence interval of 95%. This yields the
dy,max value that is followed throughout this work to monitor
nanoparticle sintering.

Results
MgO ALD on planar reference substrates

Two MgO ALD processes are explored and compared with the
aim to coat Pt NPs in a later stage. The Mg(EtCp),-H,O
process has been widely used for MgO deposition under mild
conditions (<250 °C) with a moderate growth per cycle (GPC)
of around 0.15 nm per cycle.”” To study the effect of deposition
temperature on the MgO growth behavior, the Mg(EtCp),-H,O
process is investigated at 150 and 200 °C. As a second process,
the Mg(TMHD),-O; combination has been reported with a low
GPC (~0.025 nm per cycle) within a relatively high temperature
window (225-250 °C), also requiring a high heating tempera-
ture of the Mg precursor (130 °C).*® Therefore, the deposition
temperature of the Mg(TMHD),-O; process is chosen at
250 °C. Fig. 2a and b display the chemical structures of the Mg
metalorganic precursors as well as the two MgO ALD processes
studied.

The model Pt/SiO, catalyst, onto which MgO deposition is
aimed at, consists of Pt NPs deposited on a planar Si wafer
with native SiO, surface oxide. MgO ALD growth can be more
selective on either Pt or SiO, due to their different surface reac-

This journal is © The Royal Society of Chemistry 2024
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tivity with the Mg precursor. To substantiate MgO growth
selectivity, sputtered Pt thin film (ca. 70 nm) and native SiO,
(ca. 3 nm) samples are first adopted as reference substrates to
characterize the growth of MgO on these surfaces separately.
In particular, 30 cycles of Mg(EtCp),-H,O ALD and 100 cycles
of Mg(TMHD),-O; ALD are applied on both substrates. The
MgO film thickness is monitored by in situ spectroscopic ellip-
sometry as a function of the number of ALD cycles on sput-
tered Pt and native SiO, model substrates (Fig. 2c-e).

For both deposition temperatures, linear growth curves are
observed during Mg(EtCp),-H,O ALD on SiO, without nuclea-
tion delay or growth enhancement in the initial stages of the
process. On Pt, the growth slows down after the first ALD cycle
and accelerates again after around 5 ALD cycles. A ~4.8 nm
film is obtained after 30 ALD cycles at 150 °C on both Pt and
SiO,, while ~4.0 nm is deposited at 200 °C, hence a lower MgO
film thickness than at 150 °C. More importantly, in the initial
3-20 ALD cycles, this MgO ALD process exhibits a minor depo-
sition preference on the native SiO, substrate. Acharya et al
also reported the slower nucleation on metal surfaces com-
pared to oxides for ultrathin MgO films due to the lower
surface density of hydroxyl reaction sites.** After 15 cycles, the
film thicknesses are nearly identical on both substrates. Based
on these results, it can be concluded that Mg(EtCp),-H,O
allows for simultaneous, rather non-selective deposition on Pt
and native SiO, substrates.

The growth of MgO on sputtered Pt and native SiO, sub-
strates is also investigated by recording ex situ Mg 1s, Pt 4f and
Si 2p X-ray photoelectron spectra (XPS) after 1, 5, 10, 15 and 30
ALD cycles (Fig. S1 and S27}). In accordance with the ellipsome-
try results, a swift and steady deposition with the Mg(EtCp),-
H,0 processes at 150 and 200 °C is confirmed on both sub-
strates, though the higher GPC at 150 °C is less pronounced in
the XPS data.

For the Mg(TMHD),-O; ALD process, the amount of de-
posited MgO is comparatively low, only leading to a MgO film
thickness of ~1.0 nm on Pt and ~0.3 nm on SiO, after 100
ALD cycles (Fig. 2e). During the first 40 cycles, a linear growth
regime is observed with a larger GPC on Pt than on SiO,.
Therefore, in the initial stages of the process, the Mg(TMHD),-
O3 process is more selective towards growth on Pt. After 40
ALD cycles, the deposition slows down considerably on both Pt
and SiO, substrates, likely owing to the identical MgO-termin-
ation of the surface. Beyond 100 ALD cycles, the deposition of
MgO slowly continues in a similar fashion for both Pt and
SiO, type samples, as shown by XPS (Fig. S3c¢ and S4ct).

MgO ALD on supported Pt nanoparticles

Prior to MgO deposition, Pt NPs are first deposited by applying
25 ALD cycles of the MeCpPtMe;-O, process (300 °C) on native
Si0,, grown on top of a surface oxidized Si wafer.** The size of
the as-deposited NPs is Gauss-distributed, showing an average
of ~8 nm, and can be clearly observed with scanning electron
microscopy (SEM) (Fig. S5T). After Pt NP deposition, samples
with different amounts of MgO are prepared by varying the
MgO ALD process and number of ALD cycles. Particularly, 1, 3,

Nanoscale, 2024, 16, 5362-5373 | 5365
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Fig. 2 Chemical structures of the two metalorganic precursors used in this work: (a) Mg(EtCp), and (b) Mg(TMHD),. The co-reactants and depo-
sition temperatures are also indicated. (c—e) Film thickness as a function of the number of ALD cycles, as obtained from in situ spectroscopic ellipso-
metry during 30 cycles of the Mg(EtCp),—H,O process at (c) 150 °C and (d) 200 °C, and during 100 cycles of the Mg(TMHD),—Os3 process at (e)
250 °C, each time on Pt (sputtered Pt thin film on Si wafer) and on SiO, (native oxide on Si wafer).

5, 10, 15 and 30 cycles are applied for the Mg(EtCp),-H,O
process (150 °C, 200 °C), and 10, 30, 50, 100, 300 and 500
cycles for the Mg(TMHD),-O; process (250 °C).

The intensity evolution of the Mg 1s XPS peak versus the
number of Mg(EtCp),~H,O ALD cycles is shown in Fig. 3a,
both for depositions at 150 and 200 °C (extracted from Fig. S6a
and S6dt). The Mg 1s peak area increases significantly upon
applying the first ALD cycle(s) and then increases more mildly.
Correspondingly, as shown in Fig. 3b (extracted from Fig. S6b
and S6et) and Fig. 3c (extracted from Fig. S6c and S6ff), the
intensities of the Pt 4f and Si 2p peaks decrease gradually with
an increasing number of MgO ALD cycles, and evolve to very
low intensities. The consistent decline of both the Pt 4f and Si
2p peak intensities during Mg(EtCp),-H,O ALD demonstrates
that MgO grows on the Pt NPs and the SiO, support indiscri-
minately, progressively covering the entire sample surface. It
should be noted that the Pt 4f and Si 2p XPS signals are lost
after ~15 ALD cycles (Fig. 3b and c), while the Mg 1s intensity
seems to saturate (Fig. 3a). This indicates that a MgO film of
around 5 nm thick (i.e. the information depth of XPS) is de-
posited on top of the Pt/SiO, sample, in accordance to the
ellipsometry data (Fig. 2c and d) which shows significant MgO
growth both on Pt and SiO,.

The Mg atomic fraction is calculated by dividing the peak
area of the Mg 1s XPS signal by the summed areas of the Mg
1s, Pt 4f and Si 2p peaks, after subtracting backgrounds and
dividing by the relative sensitivity factors for each term
(Fig. S6g and S6ht). For both the depositions at 150 and
200 °C, a steady increase with the number of cycles is observed
up to a Mg atomic fraction of 70%, in line with the gradual,
quasi-linear growth observed on the reference substrates
(Fig. 2c and d). For higher loadings, the Mg atomic fraction
progresses more slowly towards 100%, an effect that can be

5366 | Nanoscale, 2024, 16, 5362-5373

linked to the MgO film thickness becoming comparable to the
XPS information depth. Similar Mg atomic fractions are
obtained for the depositions performed at 150 versus 200 °C,
despite the difference in GPC observed with ellipsometry on
the planar reference substrates (Fig. 2c and d).

The surface morphology of the MgO-coated Pt/SiO, samples
is characterized as a function of the number of Mg(EtCp),—
H,0 ALD cycles by SEM (Fig. S7 and S8%). Both at 150 and
200 °C, the initially clearly defined NP features become less
observable and evolve into a rather rough surface with an
increasing number of MgO ALD cycles.

Combining the XPS and SEM results, a schematic illus-
tration of the MgO thin film growth with the Mg(EtCp),~-H,O
ALD process on Pt/SiO, is depicted in Fig. 3d: the Pt NPs and
SiO, support are coated simultaneously by MgO in the initial
stages of the process, and continued substantial MgO growth
is observed afterwards, eventually yielding a conformal and
relatively thick film.

For the Mg(TMHD),-O; process, the intensity evolution of
the Mg 1s XPS peak is shown as a function of the number of
ALD cycles in Fig. 3e (integrated from Fig. S9at). The Mg 1s
intensity shows a clear and gradual increase from 0 to 100
cycles and levels off afterwards. The intensity is, however,
much lower than what is observed for the Mg(EtCp),~-H,O
process (Fig. 3a), in line with the significantly lower GPC for
the Mg(TMHD),-O; process on the reference substrates
(Fig. 2c-e). The saturation of the Mg 1s intensity resembles the
growth curves on bare Pt and SiO, (Fig. 2e) with a slowdown in
growth after ~40 ALD cycles. The Mg atomic fraction
(Fig. S9dt) evolves slowly to ~20% after 500 ALD cycles, con-
firming the low growth for the Mg(TMHD),-O; process.

Given the preferred MgO deposition on Pt (Fig. 2e), the
intensity evolution of the Pt 4f peaks (Fig. 3f) shows a logic

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Integrated and background-subtracted peak area of the (a) Mg 1s, (b) Pt 4f and (c) Si 2p XPS signals as a function of the humber of Mg

(EtCp)—H,O ALD cycles at 150 and 200 °C on Pt/SiO,. The dashed lines serve as guides to the eye. (d) Schematic overview of MgO thin film depo-
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Schematic overview of MgO thin film deposition with the Mg(TMHD),—0O3 ALD process on Pt/SiO,.

opposite trend to the one of Mg 1s (Fig. 3e). The intensity evol-
ution of the Si 2p XPS signal, on the other hand, decreases
more linearly throughout the process (Fig. 3g), which indicates
a more gradual MgO deposition on SiO,. Based on these
results, it can be inferred that more MgO is deposited on Pt in
the initial 100 cycles compared to SiO,, after which SiO,
becomes the most favorable location of MgO deposition as Pt
is already fully covered by MgO.

SEM images show that the NP features remain generally
visible during the full duration of the Mg(TMHD),-O3; ALD
process (Fig. S107). This can be clarified by the low deposition
rate of the process. Based on the above results, the evolution
in MgO thin film growth with the Mg(TMHD),-O3; process is
schematized in Fig. 3h. While MgO deposition takes place on
both SiO, and Pt initially (<100 ALD cycles), Pt is more prefer-
entially coated. Nevertheless, not all Pt surface atoms are
covered at this stage (vide infra), leading to a non-continuous
coating. After 100 cycles, MgO deposition slows down and the

This journal is © The Royal Society of Chemistry 2024

growth is mostly manifested on SiO,, ultimately forming a thin
continuous film with thickness lower than 1.5 nm.

The combined ellipsometry-XPS characterization approach
provides insights in the MgO thin film formation on Pt/SiO,
substrates. However, in view of catalytic applications, the MgO
coverage on the Pt surfaces should be in balance with the avail-
ability of the active sites. Particularly, low (high) MgO coverages
will lead to a high (low) number of NP surface sites available for
catalytical reactions. Characterizing the MgO thickness and
selectivity of deposition is therefore not sufficient to assess the
ability of the -catalyst surface to accommodate reaction.
Therefore, low energy ion scattering (LEIS) is applied to detect
which fraction of the Pt NP surface is either MgO-covered or
MgO-free.*” LEIS is an ion scattering technique which is selec-
tive to the atoms in the outermost surface layer, which would
also be accessible to molecules during a catalytic process.

For each of the three studied ALD processes, 2-3 samples
with low MgO loading are selected based on the XPS character-
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ization. LEIS measurements are first performed using a 3 keV
He' beam to probe the composition of the top surface layer.
Prior to analysis, each sample is exposed to atomic oxygen to
remove adventitious carbon, which results in a fully oxidized
surface. The bare Pt/SiO, surface therefore shows clear signals
of Pt (at ~2750 eV), Si (at ~1750 eV) and O (at ~1130 eV)
(Fig. S11t). In addition to the Pt signal from the surface
atoms, a broad shoulder at lower energy is visible that corres-
ponds to signal from sub-surface Pt atoms. It originates from
neutralized He ions that penetrate sub-surface, undergo back-
scattering towards the surface and reionize at the surface.*’
For MgO-coated samples, an additional prominent peak
corresponding to Mg (at ~1580 eV) is detected. Some samples
present signals from F and P contamination corresponding to
a few percent. Whether these originate from the synthesis or
the packaging for transport is unknown.

More importantly, the presence of an MgO overcoat
changes the Pt signature in the spectra with respect to the bare
Pt/SiO, reference (Fig. 4a—c). For the Mg(EtCp),-H,O process,
the intensity of the Pt surface peak (at ~2750 eV) decreases
after 1 MgO ALD cycle, and is completely absent after 3 cycles
of the 150 °C process (Fig. 4a) or 5 cycles of the 200 °C process

View Article Online

Nanoscale

(Fig. 4b). The latter means that no Pt atoms are present on the
surface, hence a continuous MgO coating is formed on top of
the Pt NPs. For a fully closed MgO layer, its thickness can be
extracted from the position of the edge of the sub-surface Pt
signal (dashed lines in lower panels of Fig. 4a-c) with respect
to the position of the Pt surface peak (at ~2750 eV) on the
energy scale.*>*® MgO layer thicknesses of ~0.4 nm and
~0.5 nm are extracted after three cycles of the 150 °C process
(Fig. 4a), respectively five cycles of the 200 °C process (Fig. 4b),
based on the energy differences. For the Mg(TMHD),-O;
process (Fig. 4c), a reduced Pt surface peak is visible after 30
ALD cycles and some intensity at the characteristic energy (at
~2750 eV) is still recorded after 100 cycles. After 500 cycles, a
fully closed layer of MgO is formed, with a thickness of
~0.4 nm.

To quantify the relative amount of Pt surface atoms for the
partially covered NPs, LEIS spectra are recorded with a 5 keV
Ne' beam which yields a higher peak-to-shoulder ratio
(Fig. 4d). This allows to integrate the surface peak and to
compare its area with the one obtained for the bare Pt/SiO,
sample. After 1 ALD cycle of both Mg(EtCp),-H,O processes,
the fraction of uncoated Pt surface atoms amounts to
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Fig. 4

(a—c) 3 keV He™ LEIS spectra of Pt/SiO, without and with MgO overcoat, deposited with the Mg(EtCp),—H,O ALD process at (a) 150 °C and

(b) 200 °C, and (c) with the Mg(TMHD),—0O3 process. Dashed lines indicate the Pt surface peak (~2750 eV) and the edge of the Pt sub-surface peak
(only in the absence of a Pt surface peak), respectively. (d) 5 keV Ne* LEIS spectra for bare Pt/SiO; and for selected samples with MgO overcoat. (e)
Schematic representation of the partial MgO coverage on the Pt NPs, as deduced from the LEIS spectra in (d).
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~70-80%, while this is ~50% after 30 cycles of the Mg
(TMHD),-O; process. Nearly full coverage is achieved after 100
Mg(TMHD),-O; cycles, where only ~7% of the Pt surface
atoms remains uncovered. On the other hand, the XPS results
show a roughly 3 to 5 times higher MgO loading after 1 Mg
(EtCp),—H,O cycle than after 30 Mg(TMHD),-O; cycles (Fig. 3a
and e). Even after 100 Mg(TMHD),-O; cycles, the MgO loading
still remains relatively lower, confirming the initial selectivity
of the latter process towards the Pt NP surface.

In summary, initially, both precursor chemistries partially
cover the Pt NPs (Fig. 4e). The Mg(TMHD),-O; process depos-
its MgO preferentially on the Pt NPs, yet, in spite of this, the
very low GPC allows for a partial coverage that very gradually
transitions to full coverage with increase in ALD cycle number.
In contrast, the high GPC of the Mg(EtCp),~H,O process
results in a fast transition to full coverage. These results
confirm that ALD, and in particular the Mg(TMHD),-O3
process, holds a means to control the MgO coverage on the Pt
NP surface.

Sintering behavior of MgO-coated Pt nanoparticles

The sintering behavior of bare Pt NPs anchored on a SiO,
support has been studied previously during ramp anneals in
0, environment.?”*® A thermal activation is required to induce
sintering and an onset temperature can be defined above
which the average size of the Pt NPs starts to increase with
annealing temperature. Because multiple smaller NPs merge
into a larger one, the areal density of NPs on the support, ie.
the number of NPs per pm?, decreases with temperature, and
as a result the average center-to-center distance between the Pt
NPs increases.

To quantify the delay in Pt NP sintering for the different
types of MgO coatings synthesized in this work, from thin
overlayers partially or fully covering the NP surface to nm-thick
overlayers, and to explore the delicate balance between (i) phys-
ically blocking the Pt surface to prevent sintering and (ii)
keeping Pt surface atoms free for reaction. To this end, the sin-
tering behavior is investigated for the uncoated Pt/SiO, sample
and the three series of samples with MgO overcoats generated
with 1, 3, 5, 10 and 15 cycles of the Mg(EtCp),-H,O processes
(150 and 200 °C), and 10, 30, 50, 100, 300 and 500 cycles of the
Mg(TMHD),-O5 process (250 °C), respectively.

In a first experiment, all samples are annealed in 20% O, in
He from room temperature to 800 °C at a rate of 12 °C min ™"
(SEM images in Fig. S12t). GISAXS patterns are recorded
during the ramp anneal, offering a means to monitor the
growth of the Pt NPs in real time, with a 30 s time resolution,
corresponding to a temperature resolution of ~6 °C. The main
feature in the GISAXS patterns originates from scattering
caused by the Pt NPs, and the position of its maximum along
the g, direction in reciprocal space, ¢, max, is inversely pro-
portional to the average center-to-center distance between the
Pt NPs (D = 271/, max)->>***! Therefore, a shift of the main scat-
tering feature to lower g, values points at an increase in NP
spacing and is indicative of NP sintering.3®%*

This journal is © The Royal Society of Chemistry 2024
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The method used to extract the gymax value of the 2D
GISAXS patterns is detailed in Fig. S12, and the results are
depicted in Fig. 5a—c (with representative 2D patterns included
in Fig. S13-S157%). The grey curve in these figures corresponds
to the bare Pt/SiO, NPs and shows a stable g ax value up to
~550 °C, followed by a gradual decrease and then a steep
decline of gy max in the range 620-700 °C, indicative of severe
NP sintering at these temperatures. The center-to-center dis-
tance evolves from ~10 nm to more than 30 nm (Fig. S167).
The onset temperature for NP sintering, ~680 °C, is extracted
by determining the minimum in the derivative of this curve
(Fig. S177).%7%°

For the three investigated ALD processes, the steep decline
in g, max Occurs at progressively higher temperatures as the
number of MgO ALD cycles is increased. The extracted onset
temperatures are shown in Fig. 5d-f as a function of the
number of ALD cycles. For the Mg(EtCp),-H,O processes, the
onset temperature increases gradually with the number of
cycles, reaching ~745 °C after 15 ALD cycles (Fig. 5d and e).
For the Mg(TMHD),-O; process, the onset temperature
increases to ~755 °C after 50 ALD cycles, followed by a rela-
tively slower increase with the number of ALD cycles (Fig. 5f).
The largest delay in sintering is observed for the Pt/SiO,
sample covered with 500 cycles of the Mg(TMHD),-O; process,
marked by an onset temperature of ~800 °C.

In Fig. 5g, the onset temperatures for Pt NP sintering are
plotted against the Mg atomic fraction, as derived from XPS.
This allows for a comparison of the effect of the different types
of MgO overlayers on the sintering behavior. Not surprisingly,
the data points for the Mg(EtCp),-H,O processes at 150 and
200 °C follow exactly the same trend, pointing to a negligible
impact of the deposition temperature for this process. Clearly,
the Mg(TMHD),-O; process enables a higher onset tempera-
ture with a lower loading of MgO. For instance, an onset temp-
erature of ~750 °C is achieved for a Mg atomic fraction of
10%, while the Mg(EtCp),-H,O processes require a loading
corresponding to a Mg atomic fraction of 80% to achieve the
same sintering delay. The fraction of uncoated Pt surface
atoms is also indicated in Fig. 5g, for those samples that are
analyzed with LEIS. From Fig. 5g it follows that only the Mg
(TMHD),-O; process enables a delay in sintering while
keeping a fraction of the Pt surface atoms available for reac-
tion. The two characteristics of the Mg(TMHD),-O; ALD
process on Pt/SiO, systems, i.e. (i) the initial selectivity towards
Pt over SiO,, and (ii) the very low GPC, turn out to be beneficial
to increase the thermal stability of the Pt NPs without fully cov-
ering them.

In our previous work,?” we argued that NP sintering during
annealing in O, presents two regimes with temperature. When
the onset temperature for sintering is surpassed, thermal
decomposition of PtO, formed on the NP surface leads to
unstable and mobile PtO, species that cause NP growth via
Ostwald ripening. At higher temperatures, PtO, desorbs from
the surface inducing more severe sintering, while sintering via
particle migration cannot be excluded. The non-continuous
MgO coating applied in this work is believed to physically
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the Mg atomic fraction, obtained from XPS.

hinder the migration and desorption of mobile PtO, species
and/or small particles on the surface, explaining the reduced
sintering.

In a second experiment, Pt NPs partially covered with ultra-
thin MgO overlayers are exposed to five cycles of propane dehy-
drogenation reaction and O, regeneration at 600 °C, namely 5
x [C3Hg/He/O,/He]. During propane dehydrogenation reaction
(C3Hg = C3Hg + H,), undesired carbon-rich species poison the
Pt NP surface and inhibit further reaction.*” Therefore, indust-
rially, O, regeneration pulses are applied frequently to burn
these carbon deposits (termed ‘coke’) and rejuvenate the cata-
lyst. However, during such reaction-regeneration cycling, NP
sintering takes place, leading to irreversible catalyst de-
activation. In this perspective, MgO overlayers on Pt could
form a viable strategy to prevent rapid NP sintering in this
industrial reaction, prolonging the process lifespan.

To study the sintering of MgO-overcoated Pt NPs during
reaction-regeneration cycling, the samples with the lowest
MgO loading and largest fraction of uncoated Pt surface atoms
are selected for this experiment, ie. Pt/SiO, samples coated
with 1 Mg(EtCp),-H,O ALD cycle at 200 °C and with 10 Mg
(TMHD),-O3 ALD cycles. Bare Pt/SiO, is included as a refer-
ence. The samples are first heated from room temperature to
600 °C at 12 °C min~" in 20% O, in He. Remark that the reac-

5370 | Nanoscale, 2024, 16, 5362-5373

(g) Sintering onset temperatures of the three sample series plotted against

tion temperature of 600 °C lies below the onset temperature of
significant NP sintering (Fig. 5). Then, the gas environment is
periodically alternated between O, (i.e. 20% O, in He) and
propane (i.e. 5% propane in He). In between each gas exposure
of 240 s, the heated reactor is purged for 60 s with pure He in
order to prevent direct mixing of O, and propane. This 10 min
reaction-regeneration cycle is repeated 5 times, during which
in situ GISAXS data are recorded (Fig. S181). The extracted
gy,max values as a function of reaction time are shown in Fig. 6.
During the initial O, exposure, the gy max values remain rela-
tively constant for the three investigated samples and no sig-
nificant sintering occurs. When propane is introduced,
immediate NP sintering is observed only for the bare Pt/SiO,
NPs and for the NPs coated with 1 cycle of Mg(EtCp),~-H,O
ALD, as seen from the sudden drop in gy max at the start of the
propane exposure. This is followed by more gradual sintering
throughout the further propane exposure for all three samples.
When O, is re-injected in the second reaction cycle, the
uncoated Pt NPs again undergo abrupt sintering, while the
MgO-coated NPs remain stable. In the subsequent reaction
cycles, gy max decreases at a particularly slow rate for all three
samples. Throughout the experiment, the center-to-center NP
distance increases from ~10 nm to ~18 nm, ~15.5 nm and
~14 nm for the uncoated Pt NPs, the MgO-coated sample pre-

This journal is © The Royal Society of Chemistry 2024
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at 600 °C, showing the evolution in the gy,max position with time for three samples: bare Pt/SiO, and two MgO-coated Pt/SiO,, one synthesized with
1 Mg(EtCp),—H,O ALD cycle at 200 °C and one synthesized with 10 Mg(TMHD),—O3 ALD cycles at 250 °C.

pared with 1 Mg(EtCp),-H,O ALD cycle and the MgO-coated
sample prepared with 10 Mg(TMHD),-O3; ALD cycles, respect-
ively (Fig. S197).

The sintering of bare Pt NPs during the first propane
exposure is most likely caused by the exothermic reaction of
propane with residual oxygen, e.g. on the Pt NP surface. This
might lead to heat generation during the (partial) oxidation of
propane, hence triggering significant NP sintering. Upon
further propane exposure, NP sintering is continued presum-
ably as a result of increased mobility of C,H,-adsorbed Pt
species. In the following O, step, coke deposits on Pt burn into
CO, and H,0, again producing heat due to the exothermic
nature of the reaction which might trigger NP sintering.

By partially covering the Pt surface with MgO via ALD, sin-
tering during the propane step can be reduced to some extent,
while the abrupt sintering upon exposure to O, is prevented.
Potentially the MgO decorated Pt surface is less prone to
carbon depositions during propane dehydrogenation, resulting
in less carbon oxidation and hence less sintering during the
subsequent O, step. Alternatively, the partial MgO overcoat
may form a protection barrier against sintering upon exposure
to O,.

Conclusion

In this work, two ALD precursor chemistries for the deposition
of MgO on Pt NPs anchored on a SiO, support are investigated
to understand the opportunities for delaying NP sintering
while keeping Pt surface atoms available for reaction. The
cycle-by-cycle deposition nature of ALD allows to achieve over-
coats, from (sub)monolayers to thin films of a few nm’s, as
confirmed by a combination of ellipsometry, XPS and LEIS
characterizations.

This journal is © The Royal Society of Chemistry 2024

The Mg(TMHD),-O; ALD process at 250 °C initially depos-
its MgO preferentially on the Pt NPs, with less growth on the
SiO, support. Moreover, the process is characterized by a very
low GPC and the growth slows further down when the Pt or
SiO, surface turn into a MgO-terminated surface. This leads to
low MgO loadings and film thicknesses in the A-range, even
for hundreds of ALD cycles. As a result, a tunable partial cover-
age of MgO on the Pt surface can be achieved with this
process, in spite of the preferential growth on Pt.

In contrast, the Mg(EtCp),~H,O process is characterized by
a GPC exceeding 1 A per cycle, at both investigated deposition
temperatures of 150 and 200 °C, and no pronounced surface
selectivity is observed for growth on Pt versus SiO,. This results
in higher MgO loadings, and a fast transition from an initial
partial coverage (for 1 ALD cycle) to a full coverage of the Pt
surface (for 3-5 ALD cycles).

The sintering behavior of the MgO-coated Pt NPs is studied
via in situ GISAXS. Higher onset temperatures for sintering
point to a successful strategy to stabilize the Pt NPs and delay
sintering. With increasing number of ALD cycles, both ALD
processes enable an increase in the onset temperature for sin-
tering. However, in case of the Mg(EtCp),-H,O process, rather
thick MgO films that fully cover the Pt surface are required,
while the Mg(TMHD),-O; ALD process achieves larger delays
in NP sintering for MgO loadings that only partially cover the
Pt surface.

In summary, different ALD chemistries allow for a different
structural control over the deposited MgO overcoat, and hence
also the fraction of uncovered Pt surface atoms available for
reaction. The Mg(TMHD),-H,0 process can yield sub-mono-
layer coverages of MgO on the Pt NPs, which can significantly
delay NP sintering whilst still exposing a major fraction of NP
surface atoms for reaction. This avoids the need for post-
annealing to create porosity in the overcoat, guaranteeing the
structural integrity of the as-deposited MgO.
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