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ABSTRACT: The efficient immobilization of GaPt liquid metal alloy
droplets onto tailored supports improves catalytic performance by
preventing coalescence and subsequent loss of active surface area.
Herein, we use tailored supraparticle (SP) supports with controlled
nanopores to systematically study the influence of pore sizes on the
catalytic stability of GaPt supported catalytically active liquid metal
solution (SCALMS) in propane dehydrogenation (PDH). Initially,
GaPt droplets were prepared via an atom-efficient and scalable
ultrasonication method with recycling loops to yield droplets <300
nm. Subsequently, these droplets were immobilized onto SiO2-based
SPs with controlled pore sizes ranging from 45 to 320 nm. Catalytic
evaluations in PDH revealed that GaPt immobilized on SPs with
larger pores demonstrated superior stability over 15 h time-on-stream
evidenced by reduced deactivation rates from 0.046 to 0.026 h−1. Nanocomputed tomography and identical location SEM confirmed
the successful immobilization of GaPt droplets within the interstitial sites formed by the primary particles constituting the SPs. These
remained unchanged before and after the catalytic reaction, demonstrating efficient coalescence prevention. Our findings underscore
the importance of support pore size engineering for improving the stability of GaPt SCALMS catalysts and highlight, particularly, the
high potential of using SPs in this context.
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■ INTRODUCTION
Catalysis plays a crucial role in moving the chemical industry
toward more sustainable ways of converting raw materials into
valuable products. Among the relevant reactions, propane
dehydrogenation (PDH) is an important intermediate step for
the polymer industry as it provides propylene, which is the key
base for polypropylene, a widely employed plastic in consumer
products for health care, electronics, and home appliances.1

The growing demand for propylene has led to a supply gap,
necessitating advancements in PDH technologies to meet
industrial needs.2 Existing PDH processes predominantly rely
on solid metal catalysts, but are plagued by inherent
drawbacks, including sintering, carbon deposition, and catalyst
deactivation over time.3−8 These limitations underscore the
need for novel catalyst materials that offer superior activity,
selectivity, and stability.
Recently, supported catalytically active liquid metal solution

(SCALMS) was introduced as a new concept to overcome
these challenges.9,10 SCALMS systems are composed of a
porous support material, onto which a low-melting alloy is
deposited. Prototype alloys are based on gallium and contain a
small fraction of a catalytically active metal. Under reaction

conditions, the supported alloy becomes liquid. The highly
dynamic nature of the liquid metal has been shown to promote
the formation of single atom active sites at the liquid metal-gas
interface, where the reaction takes place due to the
nonsolubility of the organic reactants in the liquid metal.9,10

The specific nature of SCALMS promotes advantages such as
efficient utilization of the active metal, high activity, enhanced
selectivity, and suppressed coke formation.10−13 In particular,
the coke suppressing nature of SCALMS offers great
advantages over commercially available heterogeneous PDH
catalysts.10−13 Consequently, in recent years, SCALMS have
found applications across a wider spectrum of catalytic
processes, including dehydrogenation and oligomerization
reactions.9−20
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While coke suppression is a relevant advantage of SCALMS,
distinct catalyst deactivation processes have been observed
with these materials in PDH applications. These have been
attributed to liquid metal droplet coalescence and phase
separation11,21,22 due to the high mobility of the liquid phase
on the support.
Recently, we and others have shown that ultrasonication can

be used for the straightforward and atom-efficient preparation
of SCALMS.15,23 This methodology builds on the ability of
ultrasonication to break large metallic Ga nuggets dispersed in
an appropriate solvent into nm-sized droplets with a broad
droplet size distribution.23 When deposited onto a typical
support for heterogeneous catalysts, such as mesoporous SiO2,
their comparably large size prevents the droplets from
infiltrating the pore network. Instead, they remain on the
external surface of the support and form aggregates (Figure
1a).10,15 Moreover, previous studies showed the influence of

different supports on activity and a low tendency for cracking/
coking.11,20 Among the materials investigated, SiO2-supported
SCALMS showed inertness and least tendency for cracking/
coking.11 Nevertheless, deactivation was still observed with
these improved support materials.11,20,21 To suppress the main
origins of deactivation (droplet coalescence and phase
separation), the use of tailored support materials appears
highly attractive, as a well-defined pore structure may prove
suitable for immobilizing the liquid metal droplets under
reaction conditions, as illustrated in Figure 1. A promising class
of supports that provides pore systems with a high degree of
tunability are supraparticles (SPs).
SPs are defined as typically spherical agglomerates of

colloidal primary particles24 and can be fabricated by the
confined assembly of these primary particles in dispersion
droplets, either by droplet-based microfluidics25 with high
uniformity or by scalable spray drying procedures.26 The use of

primary particles with uniform sizes provides SPs with a well-
defined internal structure, which can impart additional
functionality, such as structural coloration,27−33 or enhanced
powder flowability due to tailored surface roughness.34

Porosity is another important emergent property of SPs,
which arises from the defined interstitial structure formed by
the assembled primary particles.35 These primary particles are
bound by contact forces or solid bridges36,37 and provide a
fully interconnected, open porosity. This porosity can be
tailored across multiple length scales,32 spanning from small
micro/mesopores38 to large macropores created by sacrificial
polymer primary particles.39,40 This control of the internal pore
structure makes such systems attractive for applications
requiring percolated pore networks, including electrode
design,41 controlled release,42,43 gas adsorption,38 or catal-
ysis.20,44−47

While conventional catalyst support design focuses on the
creation of large surface areas created by the introduction of
micro/mesopores,46,47 the comparable large size of SCALMS
catalyst particles necessitates control over the pore structure at
larger dimensions, which are difficult to produce by conven-
tional soft templating mechanisms.48,49 The interstitial
dimensions of SPs and the ability to add even larger pores
by hard templating via sacrificial polymer particles35,39,40 afford
well-controlled macropore networks with >100 nm dimensions
and are therefore ideal model systems to study catalyst
performance and stability in SCALMS systems, as visualized in
Figure 1b.
Here, we synthesize GaPt SCALMS on well-defined SP-

based supports with controlled nanopore sizes to optimize the
immobilization of the alloy droplets in the pore network and to
prevent coalescence under reaction conditions. Furthermore,
we investigate the influence of the support pore structure on
the catalytic activity and stability in the PDH reaction at a
temperature of 823 K. To this end, we prepare Ga droplets
with diameters below 300 nm by using a top-down
ultrasonication method. Subsequently, we fabricate SPs by
spray drying of aqueous colloidal dispersions of silica primary
particles and mixtures of silica and polystyrene (PS) primary
particles. A wet impregnation step then immobilizes the Ga
droplets on the SP supports, and the addition of a Pt precursor
creates the active GaPt SCALMS materials by galvanic
displacement.

■ EXPERIMENTAL SECTION
Materials. All chemicals were used as received. Gallium nuggets

(size 3 mm, purity: 99.999%, Alpha Aesar), hexachloroplatinic acid
(Pt bases: ≥37.5%, Sigma-Aldrich), propan-2-ol (purity ≥99.8%,

Figure 1. SCALMS on various support materials. Schematic
illustration of GaPt SCALMS on a (a) commercial 10 nm SiO2
support with high degree of aggregation and a (b) macroporous SP
exhibiting an optimal pore structure for the separation and
stabilization of individual GaPt droplets.

Table 1. Summary of Catalyst Performance of GaPt SCALMS Deposited on Different Supports in PDHab

sample support type support pore size nm GaPt droplet size distribution X0% KD h−1 S0% P0 gpropene gPt h−1

SiO2-0 nm silica 0 all sizes 2.5 0.046 98.3 4.7
SiO2-10 nm silica 10 all sizes 14.8 0.033 98.4 32.5
SiO2-10 nm silica 10 >300 nm 15.3 0.033 98.9 23.9
SiO2-10 nm silica 10 <300 nm 26.5 0.038 99.2 30.3
SP-45 nm supraparticles 45 <300 nm 19.0 0.038 99.7 21.9
SP-100 nm supraparticles 100 <300 nm 9.2 0.030 98.3 15.4
SP-200 nm supraparticles 200 <300 nm 10.2 0.026 99.6 16.1
SP-320 nm supraparticles 320 <300 nm 7.5 0.030 98.5 9.7

aEffects of GaPt droplet size and support pore size. bX0 = initial conversion, S0 = initial selectivity, KD = deactivation rate normalized after 1 h TOS
in PDH, and P0 = initial productivity.
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VWR chemicals), absolute ethanol (≥99.8%, NORMAPUR, VWR),
ammonium hydroxide (25%, NORMAPUR, VWR), tetraethyl-
orthosilicate (TEOS, ≥99%, GPR RECTAPUR, VWR), hydrochloric
acid (HCl, 37%, VWR), acrylic acid (99%, Sigma-Aldrich),
ammonium persulfate (≥98.0%, Sigma-Aldrich), sodium hydroxide
(NaOH, ≥98%, Ph. Eur., USP, BP, in pellets), and aluminum oxide
(90, neutral, Sigma-Aldrich) were all used as received. Styrene
(≥99%, ReagentPlus, Sigma-Aldrich) was washed with 10 wt %
aqueous NaOH solution and then passed through an aluminum oxide
column to remove the inhibitor. It was then stored for no longer than
2 months at 8 °C before use. For water, a Purelab Flex 2 (Elga Veolia)
purification unit was used (18.2 MΩ cm).
Synthesis of the GaPt SCALMS Catalyst. The GaPt SCALMS

catalyst supported on SPs was prepared using the ultrasonication
method, as described schematically in Figure 2.11,15,19 Prior to the
ultrasonication, the calculated amount of Ga nugget was premelted in
an oven at 80 °C for 30 min. The premelting ensures the liquid state
of gallium directly from the start of the sonication.50 Once melted,
gallium can remain in a super cooled liquid state at temperatures
below the melting point for days.12 After premelting, the ultra-
sonication was performed in 100 mL of propan-2-ol using 72%
sonifier power for 30 min at a maximum temperature of 50 °C
(Branson sonifier SFX 550 equipped with a microtip). The formed Ga
droplet dispersion contains a broad droplet size distribution with sizes
up to 1 μm, as reported in previous work.11,15 To isolate Ga droplets
of lower sizes (<300 nm), a centrifugation step was introduced. The
entire Ga dispersion was centrifuged at 1200 rpm (225 rcf) for 10 min
in a HERMLE Labortechnik centrifuge Z 366. The supernatant
obtained after centrifugation contained Ga droplets with <300 nm
size. This was confirmed by SEM image analysis. The residue was
recycled to increase the yield of the desired size fraction maintaining
the same particle size distribution, as shown in Figures S1 and S2.

Subsequently, the prepared GaNP dispersion with particle sizes
<300 nm was physically deposited on the respective support by wet
impregnation. The amount of the GaNP dispersion and the support
used were calculated to achieve a 6 wt % loading of Ga on the
support. After 5 min of stirring, the solvent was slowly removed using
a rotary evaporator. Based on the Ga loading on the decorated
support determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES), the catalytically active metal, Pt, was
introduced by galvanic displacement using a hexachloroplatinic acid
precursor solution as described and calculated (see Supporting
Information). The targeted Ga/Pt molar ratio was 45. This molar
ratio describes a GaPt alloy with 2.2 atom % of Pt in Ga. From the
phase diagram, this represents a GaPt alloy that is liquid under typical
alkane dehydrogenation reaction conditions (773 K and above).51

The final Ga and Pt loading of all of the catalysts prepared and tested
in this work is summarized in Table S1.
Fabrication of Supraparticles. All SP samples were produced as

reported in the literature.35 First, colloidal silica primary particles were
synthesized via the Stöber method.52 Additionally, monodisperse PS
primary particles were synthesized via surfactant-free emulsion
polymerization.53

The SPs were prepared by spray drying of pure SiO2 colloids and
PS/SiO2 colloid mixtures with a spray dryer (B290 mini, BÜCHI
Labortechnik) under a nitrogen atmosphere. The colloid feed was
atomized using a cocurrent flow two-fluid nozzle (Ø = 1.4 mm) at a
gas flow of 357 L h−1 and feed flow of 3 mL min−1. The aspirator flow
was kept at 35 m3 h−1, and the inlet temperature was set to 130 °C.
The prepared SPs were fractionated using sieves of mesh sizes 63 and
300 μm to separate larger SPs for catalytic testing and were
subsequently calcined at 600 °C.
Characterization of Particle Size, Surface Morphology,

Textural Properties, and Internal Structure. SPs and Ga droplets
were imaged using SEM (Gemini 500, Zeiss) with an SE2 detector at
an acceleration voltage of 1 kV and aperture size of 15 μm. Ga droplet
sizes were measured via ImageJ software from the SEM images. To
verify the particle sizes, additional TEM images using a Titan
Themis3 300 (FEI) operated at 300 keV of Ga droplets before and
after centrifugation were obtained in high-angle annular dark field
(HAADF) scanning transmission electron microscopy (STEM)
mode. Textural properties of the SPs were analyzed using Hg
intrusion measurements by a PASCAL System (Thermo Scientific).
The internal structure and Ga particle distribution within two types of
SPs (320 and 45 nm pore size) were analyzed via nano X-ray
computed tomography (nano-CT) using a Zeiss Xradia 810 Ultra lab-
based X-ray microscope and by HAADF-STEM and energy-dispersive
X-ray spectroscopy (EDXS) on FIB (focused ion beam) cross-
sectional lamellae utilizing at Titan Themis3 300 (FEI) operated at
300 kV acceleration voltage. FIB cross-section lamella preparation
(Figure S3) was performed using a dual-beam FEI Helios NanoLab
660. Detailed information on the preparation and characterization
procedure is available in the Supporting Information.
Characterization of Metal Loadings. The Ga and Pt loadings of

the prepared reference and SCALMS catalysts were determined by
ICP-AES using a Ciros CCD instrument (Spectro Analytical
Instruments GmbH). The solid samples were digested with
concentrated HCl/HNO3/HF (attention: HF is a dangerous
compound; relevant safety precautions must be taken) in a 3:1:1
volumetric ratio, using microwave heating to 493 K for 40 min. The
instrument was calibrated for Pt (214.123 nm) and Ga (417.206 nm)
with standard solutions of the elements before the analyses.

Figure 2. Preparation of GaPt SCALMS catalysts on SPs. Ga droplet dispersion with particle sizes <300 nm is prepared by ultrasonication and
centrifugation. Simultaneously, the SPs are fabricated by spray drying of colloidal silica primary particles. Next, the Ga dispersion is deposited on
the SP support, followed by the addition of catalytically active metal, Pt, by galvanic displacement. Finally, the obtained SCALMS systems are
tested for PDH.
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Catalytic Testing−Propane Dehydrogenation in a Fixed
Bed Reactor. To test the catalytic performance of the prepared
catalysts in PDH, 1.5 g of each catalyst was loaded in a fixed bed
quartz tubular reactor (Figure S4). The reactor was heated to set
points of 823 K and 0.12 MPa at 10 K min−1 under an inert
atmosphere of 100 mLN min−1 argon (99.998% purity, Air Liquide).
Prior to the start of PDH, the catalyst was pretreated under the
reductive atmosphere of 19.5 mLN min−1 hydrogen (99.999% purity,
Air Liquide) diluted with 80.5 mLN min−1 argon for 3 h at 823 K.
After the H2 pretreatment, a purge stream of 100 mLN min−1 of argon
was sent for 60 min to remove any residual H2. The reaction was
started by supplying 8.9 mLN min−1 propane (99.95% purity, Air
Liquide) as the feed gas diluted with 90.4 mLN min−1 argon. The gas
hourly space velocity (GHSV) was set at 3950 mLgas gCat.bed−1 h−1

under the reaction conditions. The gases were dosed by mass flow
controllers (MFC, Bronckhorst). All parts exposed to reagents, except
for the fixed bed quartz reactor, were made of stainless-steel type
1.4571. A tubular split furnace heated the quartz glass fixed bed
reactor. All reactor tubes and pipes outside the furnace were held at
373 K by using heating tapes and fiberglass tape insolation.
Product Analysis Using Online Gas Chromatography. The

product gas mixture was analyzed using online gas chromatography
(GC) on a Bruker 456 GC equipped with a GC-GASPRO column
(30 m × 0.320 mm) having a thermal conductivity detector for
detecting the light compounds (H2, Ar, and He) and a flame
ionization detector for detecting the C1−C3 hydrocarbons. The
sample time for peak identification and resolving was 10 min. The
peak area obtained from the GC data and the calibration factors were
used in calculating the mole fraction (x) of each compound. The
conversion for propane (Xpropane), the selectivity for the desired
product propene (Spropene), deactivation rate (Kd), which describes the
stability of the catalyst, and the catalyst productivity (productivity)
were calculated using the equations below

=
x x

x
conversionpropane

propane,in propane,out

propane,in (S1)

=
+ + +

x

x x x x
selectivitypropene

propene

propene methane ethane ethene (S2)

=
·

X

X
deactivation rate K

TOS h
d

propane

1 TOS (S3)

=
n S X

productivity
. . . MW

m
propane,in propene propane propene

pt (S4)

where xi is the mole fraction of the respective compound i calculated
based on the GC analysis and ΔXpropane and ΔTOS represent the net
change in conversion and time between 1 and 15 h time-on-stream
(TOS), respectively. npropane,in represents the mole flow rate of
propane in the feed, MWpropene is the molar weight of propene, while
mpt represents the mass of Pt in the catalyst bed.

■ RESULTS AND DISCUSSION
The GaPt SCALMS catalyst was prepared using the well-
established ultrasonication method as previously reported by
some of us.11,15,19 This involves the breakdown of large
metallic Ga nuggets into nanosized droplets which are then
deposited onto a porous support.23 While this procedure offers
some practical advantages (simplicity of operation and high
atom-efficiency) against the previously reported organo-
chemical approach,9−11 it leads to the formation of Ga
droplets with a broad droplet size distribution ranging from
0.05 to 1 μm. These droplet sizes are much larger than those of
conventional solid catalyst nanoparticles and prevent the

Figure 3. SEM analysis of Ga droplets produced by a combined ultrasonication/centrifugation procedure. (a) SEM image of the entire Ga droplet
dispersion. (b) SEM image of Ga droplet dispersion after centrifugation at 1200 rpm for 10 min. (c) Volume-based particle distribution of the
entire Ga droplet dispersion. (d) Volume-based distribution of Ga droplet dispersion centrifuged at 1200 rpm for 10 min. Process conditions:
premelting of gallium, sonication time = 30 min, solvent = propan-2-ol (abs.), Tmax = 35 °C, CGa,0 = 10 g L−1, and energy input = 1.04 J s−1.
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efficient infiltration of such droplets into technical mesoporous
support materials like SiO2. Figure 2 shows the concept of
preparing defined Ga droplets and the preparation of SPs to
enable efficient integration of the formed droplets into the SP
support. This is achieved using a 2-fold approach. First, the
average size of the Ga droplets needs to be reduced. Second,
supports with larger porosity need to be developed.
To achieve the first aim, the formed Ga dispersion after

ultrasonication was centrifuged at 1200 rpm for 10 min to
selectively sediment undesirable large Ga droplets. Figure 3
shows the SEM images and volume distributions of the Ga
droplets before and after centrifugation. The ultrasonication
produced Ga droplets with a mean diameter of 545 nm (Figure
3a,c), which was reduced to 92 nm after the centrifugation step
(Figure 3b,d). After centrifugation, the largest droplet
measured was no more than 240 nm, as determined from
the volumetric distribution calculated from SEM images (see
Figure S5 for additional images). These findings were further
supported by HAADF-STEM measurements performed on
ultrasonicated Ga droplets without and with the additional
centrifugation step (Figure S5). Importantly, the unwanted
fraction of larger droplets can be recycled back into the
fabrication process and ultrasonicated again to continuously
increase the yield of the desired Ga droplet size fraction <300
nm, ensuring an efficient use of all Ga (Figure S2).
To provide tailored support materials with the required

larger porosity enabling the infiltration of the prepared Ga
droplets, we fabricate SPs with controlled average pore sizes.
Initially, we synthesize colloidal silica using the Stöber
process,54 yielding dispersions of primary particles with average
sizes ranging from 140 to 650 nm and a narrow size
distribution. These primary particles are then consolidated
into SPs via spray drying (Figure 4a), resulting in well-defined

SPs devoid of any irregularities (such as hollowness or
buckling) often associated with rapid drying processes (Figures
4d and S6).55−57 By varying the size of the primary particles
during spray drying, we tailor the size of the interstitial pores,
with larger primary particles yielding SPs with larger average
pore sizes.35 Using this method, SP supports with pore sizes of
45 (from 140 nm primary particles), 100 (from 340 nm
primary particles), and 200 (from 650 nm primary particles)
are prepared. We confirm these pore characteristics through
mercury porosimetry measurements, which show narrow pore
size distribution curves indicative of a uniform pore system
inside the SPs (Figure 4c). By virtue of the uniform primary
particles, the consolidated SPs also exhibit a defined surface
roughness composed of primary particles in contact with the
surface. The roughness features thus scale directly with the size
of the constituent primary particles.58 Both the change in pore
size and the defined surface roughness are evident in
representative SEM images, where the relative change in
interprimary particle distance and the ordered surface structure
is readily observed (Figure 4e−g).
To ensure effective immobilization of the Ga droplet

population (<300 nm GaPt droplet, Figure 3d) onto the SP-
based support materials, we extend the pore size to values
larger than 300 nm. To this end, we take advantage of a hard
templating approach35,39,40 and incorporate PS colloidal
particles in predefined size and volume ratios to fabricate
composite SPs. The silica colloidal particles form the SP
structure, while the PS particles are removed after consol-
idation via calcination (T = 600 °C) (Figure 4b). The number
of templated pores scales directly with the amount of PS in the
initial composition of the SPs and inversely with their
mechanical strength.35,40 Therefore, to maintain a balance
between the two properties, we use 30 vol % PS in the initial

Figure 4. Spray-dried nanoporous SPs. (a) Schematic illustration of SP fabrication using silica colloids. (b) Schematic illustration of templated SP
fabrication using a mixture of silica and sacrificial PS to introduce large, templated pores. (c) Pore size distributions of the prepared SPs measured
via mercury porosimetry reveal an increase in average pore size with increasing primary particle diameter. (d) Overview SEM image of a typical
spray-dried SP powder batch. (e−g) SEM analysis of the fabricated SPs featuring (e) primary particle diameter (Dpp) of 140 and 45 nm pore
diameter (Dpore), (f) Dpp of 340 and 100 nm Dpore, and (g) Dpp of 650 and 200 nm Dpore. Insets depict the increase in diameter of the constituent
primary particles and the resulting increase in pore size. (h) SEM analysis of templated SP featuring a Dpp of 435 and 320 nm Dpore. Notably, large,
templated pores resulting from the removal of PS particles used as hard templated can be observed in the inset. Process conditions (spray drying):
drying gas flow = 357 mL min−1, feed flow = 3 mL min−1, aspirator flow = 35 mL min−1, inlet temperature = 130 °C, and calcination temperature =
600 °C.
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colloid mixture while using equal size ratios to achieve a
homogeneous distribution of the templated pores.34

The representative SEM images of the templated SPs
showcase the ordered surface structure and the large templated
macropores resulting from the removal of the PS particles from
the surface of the SPs (Figure 4h inset). The pore size
distribution exhibits a shift to larger values than expected for
the constituent primary particle sizes due to the presence of

large, templated pores (Figure 4c).35 Additionally, besides the
spherical pores left by individual PS particles, the relatively
large number of PS particles in the colloid mixture lead to
assembly structures with multiple PS particles in direct contact,
resulting in large, nonspherical pores upon calcination.35 These
templated pores, combined with interstitial pores arising from
the assembly of remaining silica particles, translate into an
increase in the width of the pore size distribution.

Figure 5. Immobilization of Ga droplets on commercial and tailored nanoporous SP-based supports. (a) SEM analysis of a commercial silica
support (Supelco; 10 nm average pore size) after immobilization of Ga. The inset shows large agglomerates on the surface due to the insufficiently
small pore size. (b−d) SEM analysis of the Ga immobilized on SP supports of pore size 45, 200, and 320 nm, respectively. Notably, agglomeration
of gallium droplets on 45 nm SPs is evident in the inset. In contrast, on 200 and 320 nm SPs, gallium droplets exhibit a homogeneous distribution
across the surface without visible agglomeration. Red arrows indicate the location of Ga droplets. (e−g) Schematic illustrations of the prepared
SCALMS on 10 nm commercial, 200 nm SP, and 320 nm SP, respectively. (h,i) High-resolution nano-CT reconstructed slices of the SP-45 nm and
SP-320 nm sample, respectively, revealing that only the SP-320 nm sample exhibits a penetration of Ga droplets into the outer rim of the porous
templated SP structure down to a depth of ∼1.5 μm. However, deeper inside both SP samples, no larger Ga droplets (>50 nm, bright contrast in
the reconstructed slices and dark in the projected images) are detected (cf. Figure S7 and Videos S1,S2,S3, and S4).

Figure 6. Elemental distribution of Ga and Pt in the SP surface region for SP-45 nm and SP-320 nm samples. HAADF-STEM cross-section images
showing the surface of the SPs with pore sizes of (a) 45 and (c) 320 nm. HAADF-STEM images and the corresponding EDXS elemental maps for
the SPs with pore sizes of (b) 45 and (d) 320 nm.
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Next, we immobilized Ga droplets onto the SPs through wet
impregnation. Here, SPs are introduced into a dispersion of Ga
droplets in isopropanol, and the solvent is gradually evaporated
using a rotary evaporator, as described in Figure 2. As the
solvent evaporates, capillary forces drive the Ga droplets onto
the SPs, effectively immobilizing them. Upon complete drying,
SEM analysis of a commercial reference support material with
an average pore size of 10 nm reveals that all the Ga droplets
sit on the surface, forming large aggregates (Figure 5a,e).
Clearly, the larger size of the Ga droplets cannot enter the pore
system, nor are they efficiently trapped as individual particles at
the surface. Similarly, the SEM images for SP-45 nm (Figure
5b) also show large agglomerates of Ga droplets on the surface,
underlining the inadequacy of small pore sizes for immobiliza-
tion.
In contrast, SPs with a larger pore size of 200 nm show

individual Ga droplets uniformly distributed across the surface
and typically trapped in interstitial sites between primary
particles (Figure 5c,f). Remarkably, we observe minimal
agglomeration as the droplets are now separated by the
primary particles. Further increasing the pore size to 320 nm
via templating yields a similar homogeneous distribution of Ga
droplets on the surface (Figure 5d,g). Furthermore, the
analysis of reconstructed cross-sectional nano-CT slices of
the SP-45 nm (Figure 5h) and SP-320 nm (Figures 5i andS7
and Videos S1,S2,S3 and S4) samples reveals the presence of
Ga droplets deeper (∼1.5 μm) inside the templated SP
structure for the SP-320 nm sample. We attribute this to the
large, templated pores present on the surface that facilitate
deeper penetration of Ga droplets into the SP. Consequently, a
larger portion of the pore system is now available for Ga
droplet immobilization. In general, it is evident that the
combination of a larger pore size and templated pore structures
leads to reduced agglomeration and, therefore, a more
homogeneous distribution of Ga on the support material.
Following the immobilization of Ga, the active metal Pt was

introduced into the droplets by galvanic displacement using
the Pt precursor hexachloroplatinic acid (see Suppoting
Information for more details) to form the final catalytically
active GaPt alloy, maintaining a consistent Ga/Pt ratio across
all prepared samples (Table S1). Moreover, we performed
more detailed analyses at higher resolution using HAADF-
STEM imaging and STEM-EDXS on FIB cross-sectional
lamellae, as shown in Figure 6 (see Figure S3 for lamellae

preparation). These investigations confirm that at the surface
of both SP-45 nm and SP-320 nm samples, larger Ga-rich
droplets with sizes up to a few hundred nanometers were
deposited on the surface features of the SPs, with their surfaces
covered by small Pt particles. To reveal the depth-dependent
Ga and Pt particle distribution and density within the SPs, an
investigation of the internal structure of the SPs was performed
(Figure S8). Notably, Pt particles were found to be distributed
throughout the SPs, with significantly higher Pt density
observed in SPs with 320 nm pores compared with those
with 45 nm pores. Only in the SP-320 nm sample, due to the
larger pore size, we observe (both in nano-CT reconstructed
slices and FIB cross-sectional cuts) silica spheres wetted with
Ga-rich material down to a depth of a few microns (see Figures
S7 and S9). In this region, almost no single Pt NPs are
observed on the primary silica particles (Figure S9a). However,
deeper inside the SP, a homogeneous distribution of single Pt
NPs is discovered (Figure S8b,c). The Pt depletion in the
outer few μm of the SP is not observed for the SP-45 nm
sample.
Prior to discussing the effect of support pore size on the

catalytic performance of SCALMS, we investigated the
influence of the GaPt droplet size on the catalytic performance
of GaPt SCALMS in PDH. For this, catalysts with different
GaPt droplet size were prepared and deposited on a
mesoporous spherical silica support with a pore size of 10
nm. We compare the catalytic performance of <300 nm GaPt
droplets (as selectively obtained by the introduction of a
centrifugation step after ultrasonication) with >300 nm GaPt
droplets, both deposited on a commercial mesoporous silica
support. For reference, a catalyst consisting of GaPt droplets of
all sizes was also prepared on the same support. To confirm the
absence of blank activity, a bare SiO2-10 nm support was tested
under identical PDH conditions (Figure S10). Figure 7 shows
the effect of the alloy droplet size on the conversion, selectivity,
and deactivation rate in PDH over 15 h TOS. The catalyst
prepared using <300 nm GaPt droplets showed the best
performance with an initial conversion of 26.5%, while the
catalyst prepared using >300 nm GaPt droplets showed only
an initial conversion of 15.3%. Interestingly, the activity profile
of the material produced using >300 nm GaPt droplets
overlaps largely with the reference material prepared using the
whole droplet size distribution. We attribute the higher initial
conversion with <300 nm GaPt droplets to the larger available

Figure 7. Catalytic performance of GaPt SCALMS on commercial SiO2 supports in PDH. (a) Effect of GaPt droplet size on conversion (filled
symbols), (b) selectivity (open symbols), and (c) deactivation rate after 15 h TOS in PDH (bar chart). All size GaPt droplets (black), <300 nm
GaPt droplets (red), and >300 nm GaPt droplets (blue). Catalyst bed: 1.5 g catalyst; H2 pretreatment conditions: H2 19.5 mLN min−1, Ar flow 80.5
mLN min−1, 823 K, and 0.12 MPa; PDH reaction conditions: C3H8 flow 8.9 mLN min−1, Ar flow 90.4 mLN min−1, 823 K, 0.12 MPa, and GHSV
3950 mLgas gCat.bed−1 h−1.
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metal-gas interface in the sample prepared using the smaller
droplet sizes. Aside from a marginally lower selectivity (98%)
for the “all size” Ga droplet sample, the particle size did not
seemingly affect the selectivity (Figure 7b). The high and
constant selectivity above 98% for over 15 h TOS highlights
the attractive catalytic performance of all SCALMS systems
investigated in this study. The catalyst productivity, which
normalizes the activity of the catalyst per gram of active metal,
is summarized in Figure S11. All SCALMS materials displayed
in Figure 7 show a pronounced exponential loss in activity over
the 15 h TOS. In fact, the initial high activity obtained using
the smaller GaPt droplet size fraction (<300 nm) is lost over
time as all tested materials approached similar conversion
values of 5.5% and 6.5% after 15 h TOS. The reason for this
exponential loss in activity has been ascribed to the mobility-
induced coalescence of the GaPt droplet.21 In all cases
displayed in Figure 7, the GaPt droplets sit on the external
surface of the support, which has a small pore size of 10 nm. As
a result, droplet coalescence results in stronger deactivation
rates (0.037 h−1 for the <300 nm GaPt droplets; 0.033 h−1 for
both the >300 nm GaPt droplets and all size GaPt droplets), as
shown in Figure 7c. Note that deactivation by coking as major
driving force for loss of activity in SiO2-based GaPt SCALMS
catalyst can be excluded as reported in the literature.11

Having established the performance of various GaPt droplet
size fractions and the significant deactivation using commercial
supports, we now investigate the effect of support pore sizes on
the catalytic performance. To this end, we use the nanoporous
SP support and immobilize <300 nm GaPt droplets onto them,
as shown in Figure 5. As a reference, we employ <300 nm GaPt
droplets deposited on a nonporous silica support (SiO2-0 nm)
and the 10 nm commercial silica support (SiO2-10 nm) used to
evaluate the catalytic performance of the different droplet size
fractions (shown in Figure 7). Figure 8 summarizes the effect
of the support pore size on the conversion, deactivation rate,
selectivity, and productivity of GaPt SCALMS in PDH. An
exponential drop in conversion within the first hour of TOS is
observed for all catalysts, as shown in Figure 8a. In this
comparison, the reference catalyst SiO2-10 nm achieved the
highest initial conversion of 26.5%. Despite a lower initial
conversion of 19.0% using SP-45 nm, the catalyst followed a
similar activity profile as SiO2-10 nm over the 15 h reaction
time investigated. This led to final conversion values of 6.0%
and 6.5% for the SP-45 nm and the reference SiO2-10 nm
material, respectively.
The SEM images shown in Figure 5a,b and the nano-CT

reconstruction in Figure 5h reveal that due to the small pores
in SiO2-10 nm and SP-45 nm, most of the <300 nm GaPt

Figure 8. Effect of support pore size on the catalytic performance of GaPt SCALMS supported on silica SPs in PDH. (a) Effect of support pore size
on conversion (filled symbols), (b) deactivation rate normalized between 1 and 15 h TOS in PDH (bar chart), (c) selectivity (open symbols), and
(d) productivity over 15 h TOS (crossed symbols). SiO2-0 nm (black), SiO2-10 nm (red), SP: 45 nm (green), SP-100 nm (blue), SP-200 nm
(orange), and SP-320 nm (brown). Catalyst bed: 1.5 g catalyst; H2 pretreatment conditions: H2 19.5 mLN min−1, Ar flow 80.5 mLN min−1, 823 K,
and 0.12 MPa; PDH reaction conditions: C3H8 flow 8.9 mLN min−1, Ar flow 90.4 mLN min−1, 823 K, 0.12 MPa, and GHSV 3950 mLgas gCat.bed−1

h−1. The highest initial productivity is observed for SiO2-10 nm and SP-45 nm with initial productivity values of 30.4 gpropene gPt h−1 and 21.9 gpropene
gPt h−1, respectively. This is followed by a pronounced deactivation leading to final productivity values of 9.5 gpropene gPt h−1 and 7.9 gpropene gPt h−1

after 15 h TOS. The SPs with larger pore sizes SP-100 nm and SP-200 nm show similar initial productivities of 15.4 gpropene gPt h−1 and 16.1 gpropene
gPt h−1, respectively, while the catalyst on SP-320 nm shows lower initial productivity of 9.8 gpropene gPt h−1. Similarly, the larger pore size SPs of SP-
100 nm, SP-200 nm, and SP-320 nm display final productivity values of 4.6−6.2 gpropene gPt h−1. The nonporous support SiO2-0 nm shows a very
low final productivity of only 1.0 gpropene gPt h−1. Table 1 summarizes the key performance data for all SCALMS materials discussed in this work.
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droplets are located on the surface of the support in the form
of large agglomerates. In both cases, the <300 nm GaPt
droplets are not immobilized on the support and, as a result,
show higher initial activity due to their easier accessibility but
are prone to deactivation caused by mobility-induced
coalescence. Noteworthy, the catalysts deposited on the SPs
with larger pore sizes (SP-100 nm, SP-200 nm, and SP-320
nm) show a completely different activity profile. Despite the
lower initial conversion of 9.2%, 10.2%, and 7.5%, respectively,
the larger pore-sized SPs show significantly improved stability
over the 15 h reaction time investigated. The low conversion
obtained with the larger pore-sized SPs is presumable due to
loss of Pt into the bulk of the support (see Figure S8 TEM
cross-sectional lamella showing Pt density in the bulk of the
support). The improved stability of these samples, however, is
certainly not due to the low conversion, as we confirm with a
reference experiment performed using a nonporous silica,
SiO2-0 nm support, which showed an initial conversion of 2.5%
and a final conversion of 0.5% after 15 h reaction time. This
nonporous sample shows a deactivation rate of 0.046 h−1 over
the same reaction time. The commercial support (SiO2-10 nm)
and SP-45 nm exhibit a deactivation rate of 0.038 h−1. In
comparison, the SPs with SP-100 nm, SP-200 nm, and SP-320
nm show improved catalyst stability, evidenced by lower
deactivation rates down to 0.030 h−1 for the SP-320 and down
to 0.026 h−1 for the SP-200-supported material (see Figure
8b). We suggest that this stabilization effect is caused by the
immobilization of the droplets in the porous network of the SP
that prevents further coalescence. TEM cross-section and
nano-CT analysis, described in Figures 5 and 6, show that the
GaPt droplets penetrate the SP-320 nm (a few μm),
corroborating this interpretation. All the catalysts on the
different supports tested in this work showed selectivities for
the desired product propene above 98% over 15 h TOS, except
with SiO2-0 nm, which reached only 95% selectivity and
showed the strongest cracking tendencies (Figure 8c). The
catalyst productivity (Figure 8d), which normalizes the activity
of the catalyst per gram of active metal, shows trends similar to
those observed with conversion.
We attribute the difference in catalyst stability to the

different pore structures. In SiO2-10 nm and SP-45 nm, the
GaPt droplets exist agglomerated exclusively on the support
surface (Figure 5a,b). In contrast, the SP support SP-100 nm
to SP-320 nm shows trapping of GaPt droplets in the surface
roughness features and increasing penetration into surface-near

pores (Figure 5c,d). These results are further corroborated by
TEM cross-section and nano-CT analyses performed on the
SP-320 nm sample, which showed a penetration of GaPt alloy,
either as droplets or wetted layer, into the surface-near first few
μm (Figures 5i and S7). This trapping of individual GaPt
droplets affords an efficient immobilization, as a direct contact
between individual particles is minimized. This immobilization
of the GaPt droplets impedes the temperature-induced
mobility and, as a result, suppresses the coalescence of the
droplets during the reaction that is in part responsible for the
strong deactivation observed in the nonporous and the smaller
pore size supports. Interestingly, individual Pt NPs can be
found inside both SP-45 nm and SP-320 nm samples with
constant NP density, respectively (except for this surface-near
region in SP-320 nm where the alloy droplets were seen).
These individual Pt NPs arise due to the synthesis method of
adding Pt by wet impregnation. In general, the overall Pt NP
density was higher for the SP-320 nm sample compared with
SP-45 nm (Figure S8). We note, however, that reference Pt NP
deposited on SPs did not show activity for PDH under the
same conditions investigated in this work (Figure S12),
indicating the importance of the dynamic single atom
characteristics within the liquid SCALMS system for the
observed catalytic reaction.
To further investigate the state of the GaPt droplets and the

immobilizing effect of the support structure after the reaction,
we use identical location SEM technique22,59,60 to analyze
GaPt droplets deposited on a single layer of silica primary
particles (650 nm), which provides a surface roughness that is
identical to the SP support with 200 nm pores. We image the
exact same area with deposited GaPt droplets before and after
the catalytic PDH reaction. As can be seen in Figure 9a, an area
that showed agglomerates of many small GaPt droplets before
PDH changes significantly after the reaction and coalescence
effects of particles in direct contact can be observed. This
points toward the proposed mobility of the smaller droplets
under reaction conditions, which can merge into larger
droplets. In contrast, isolated GaPt droplets that are
immobilized at the interstitial sites of the colloidal monolayer,
shown in Figure 9b, did not show any signs of coalescence and
remained trapped as individual particles within the colloidal
layer of colloidal particles. Noteworthy, a change in the shape
of these individual droplets is observed, indicating that they
indeed liquefied at reaction conditions, where the solid Ga2O3

Figure 9. Identical location SEM analysis of GaPt droplets immobilized on a single layer of silica primary particles, mimicking the situation in
impregnated SPs before and after exposure to reaction conditions. (a) Agglomerated droplets underwent coalescence after exposure to reaction
conditions (red arrows indicate the coalesced droplets), (b) whereas individual droplets trapped in the interstitial sites of the colloidal monolayer
remained immobilized. Note, however, that the droplets deformed after the reaction.
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skin is seemingly removed in the presence of Pt under
reductive reaction conditions.

■ CONCLUSIONS
In this study, we systematically elucidate how the pore size and
surface structure of a support material affect the state of GaPt
droplets and the stability of the SCALMS catalysis. We find
that a stable SCALMS system, characterized by low
deactivation rates, arises if the pore structure of the support
is matched to the size distribution of the active liquid metal
droplets in a way that individual liquid metal droplets are
efficiently immobilized at the surface and near-surface pores of
the support. In our case, GaPt droplets on SP-based supports
showed a successful immobilization with pore sizes > ∼100
nm, while smaller pore sizes produced agglomerated GaPt
structures on top of the SP surface. The successful
immobilization of these GaPt droplets within the SP pore
network was validated by nano-CT and identical location SEM.
This was further correlated with a decreased deactivation rate
compared to both commercial references and SPs with smaller
pores. Our study showcases the importance of support
development to harvest the potential of SCALMS systems,
where the size of the catalyst particles and their liquid nature
warrant distinct characteristics of the support material to
enable stable catalytic performance.
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Forschungszentrum Jülich GmbH, Helmholtz-Institute
Erlangen-Nürnberg for Renewable Energy (IEK-11), 91058
Erlangen, Germany; Forschungszentrum Jülich GmbH,
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