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Abstract

The controlled synthesis of supported Pt nanoparticles with well-defined sizes in the range
from 1.9 to 6.0 nm and their application in the dehydrogenation of cyclic liquid organic
hydrogen carrier (LOHC) molecules are demonstrated. For this purpose, a colloidal approach
with a stabilized Pt precursor solution including chemical reduction with aqueous solutions of
sodium borohydride (NaBHa4) is used. Various synthesis parameters are varied and their effects
on the properties of the Pt nanoparticles are studied. Additionally, the nanoparticles were
supported on Al2O3 powder and the general suitability of the catalysts for the dehydrogenation
of the LOHC perhydro benzyltoluene (H12-BT) is demonstrated. The synthesis is then
transferred from powder to shaped supports. Moreover, upscaling of the synthesis procedure
to 50 g of well-defined catalyst is realized without significant deviations in nanoparticle size
but at the expense of a certain activity loss. Finally, a continuous synthesis of Pt/Al20O3 catalysts
is implemented using a microfluidic reactor. The small-scale, large-scale, and continuous
synthesis routes enable the preparation of defined catalysts resulting in a comparable Pt-based

productivity in the dehydrogenation of H12-BT.
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Introduction

Numerous studies identified the importance of platinum nanoparticle morphology in a wide
variety of heterogeneously catalyzed reactions.!**® This also includes the dehydrogenation of
cyclic liquid organic hydrogen carriers (LOHCs) using Pt/Al2O3 catalysts. For instance, the
group of Somorjai intensively studied the structure sensitive behavior of the dehydrogenation
of cyclohexane!”* and methylcyclohexane (MCH).-1%! For the dehydrogenation of the LOHC
perhydro dibenzyltoluene (H18-DBT), remarkable activity changes were observed by Auer et
al. for a nanoparticle size range from 1.2 to 4.6 nm. Specific initial productivities of the
corresponding catalysts in the dehydrogenation of H18-DBT at 310 °C in the range of 2 to
4 g2 get t min~t were reported.”! This emphasizes the need for scalable synthesis routes for

Pt/Al20s3 catalysts that allow precise control of the size of the platinum nanoparticles.

Pt/Al203 catalysts are commonly synthesized via wet impregnation of the support with an
aqueous Pt precursor solution.''"''3] This route offers several advantages, such as high
dispersion of the metal particles and simple scalability. However, required thermal treatment
during subsequent processing of the catalysts i.e., calcination in air at temperatures between
300 and 500 °C!4 or reduction under hydrogen atmosphere at 200 to 600 °C,['3) is associated
with challenges. At such elevated temperatures, enhanced particle mobility may result in
sintering, which has been observed for thermal treatments under both oxidative!!®!?! and
H»-containing!?®?!l environment. These effects may alter the morphology of the Pt
nanoparticles and hence the specific catalytic activity in structure sensitive dehydrogenation
reactions. Contrary, direct chemical reduction to metallic Pt can circumvent thermal treatment
prior to catalytic application. For example, sodium borohydride (NaBH4) has been widely

[22-30] Moreover,

employed as a reducing agent for the colloidal synthesis of transition metals.
chemical reduction has proven to yield well-defined Pt nanoparticles with distinct control over
particle size in combination with a narrow particle size distribution.[?>> This is due to the
adjustable amount of the liquid reducing agent and thus the strength and speed of the reduction
compared to alternative methods e.g., with gaseous Ha. In addition, the utilization of steric
capping agents, such as polyvinylpyrrolidone (PVP), is essential to circumvent agglomeration

of the synthesized nanoparticles.?1321 For catalytic applications, the separately synthesized,

chemically reduced nanoparticles can be immobilized onto a support.

In this work, we study the influence of the synthesis parameters on the size of nanoparticles in
Pt/Al2Os3 catalysts obtained via the colloidal synthesis with chemical reduction and subsequent

immobilization onto the support. Aside from catalytic testing in the dehydrogenation of H18-
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DBT, the transferability of the synthesis route from powder to shaped Al2O3 supports is studied
as the latter are required for state-of-the-art commercial LOHC dehydrogenation reactors. >3-4
To overcome mass transfer limitations, egg-shell catalysts are used in the dehydrogenation of
homocyclic LOHCs, such as perhydro dibenzyltoluene!*>3! and perhydro benzyltoluene.*’-3#!
Lastly, we describe the scale-up of the colloidal synthesis to a fivefold batch size to produce
50 g of shaped Pt/Al2O3 egg-shell catalysts with well-defined nanoparticle size. Additionally,
the synthesis process is transferred from batch to continuous operation to enable large-scale

catalyst production in the absence of thermal processing.

Methodology
Catalyst synthesis

The supported Pt nanoparticle catalysts were synthesized by modifying procedures (Figure 1)
described in literature.* 1 At first, the capping agent polyvinylpyrrolidone (PVP, MW
40 000, Sigma Aldrich) was dissolved in 50 mL of Millipore water and ultra-sonicated for
15 min. An amount of 52 mg of chloroplatinic acid (H2PtCle, Sigma Aldrich) was added to the
PVP solution followed by ultra-sonication for 1 min. The obtained solution (pH ~ 2.5) was
magnetically stirred at 1500 rpm before rapid injection of the reducing agent. Chemical
reduction was induced through the addition of an aqueous solution of sodium borohydride
(NaBHa4, 33mM in Millipore Water, Acros Organics), which demonstrated a pH ~ 10 and was
cooled in an ice bath to limit decomposition of NaBH4 via hydrolysis (Figure S1).[40-42]
Different volumes of NaBH4 solution were added (0.2-2.4 mL) to yield various sizes of the Pt
nanoparticles. After 1 min of stirring, the nanoparticles were immobilized onto an Al203
powder (PURALOX TH100/150, Sasol Germany) or on shaped Al2Os3 tablets (hollow cylinders
with L X Dout X Din: 5.0 x 5.0 x 2.2 mm, Sasol Germany) and left overnight under moderate
stirring to ensure homogeneous distribution of the nanoparticles on the support. A loading of
0.2 wt% Pt was targeted for all catalysts by the addition of the appropriate amount of alumina
support (typically 10 g). Finally, the solvent was evaporated at 80 °C and 250 mbar in a rotary
evaporator to obtain the catalyst for analysis and catalytic testing without further treatment.
Modified procedures deviating from this standardized method, such as a continuous

microfluidic synthesis (Figure 1), are described in the manuscript where applicable.
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Figure 1: Batch synthesis route of Pt/Al,Os catalysts via the colloidal approach (top).

Continuous synthesis route of Pt/Al,Os catalysts via a microreactor and by the
colloidal approach (bottom).

Material characterization

N2 physisorption was conducted in a Tristar II Plus (Micromeritics). The samples were
degassed at 250 °C and 0.01 mbar under a flow of He. The evaluation of the textural properties
of the support material was analysed via the BET method in the relative pressure range

0.05-0.35. The BJH method was applied to obtain pore characteristics.

X-ray diffraction patterns were recorded with an X-Pert Pro (Malvern Panalytical) equipped
with an X’Celerator detector in a 26 range from 10° to 90° (step size of 0.015°, exposure time
of 0.75 s, X-ray source with Acukar = 1.54056 A). The powder sample was compressed in a
sample holder and the surface was flattened before the measurement. The data was processed
with X'Pert Highscore Plus and compared with simulated reflections from the Inorganic Crystal

Structure Database (ICSD).

Pt loadings of the catalysts were analysed by means of inductively coupled plasma optical
emission spectroscopy (ICP-OES) using a Ciros CCD device (Spectro Analytical Instruments
GmbH). The solid samples were dissolved using a concentrated HCl:HNO3:HF mixture with a
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3:1:1 volumetric ratio and microwave digestion. The instrument was calibrated with standard

solutions of Pt prior to the measurements.

High-resolution transmission electron microscopy (HR-TEM) was conducted for size analysis
of the supported Pt nanoparticles in a CM30 (Philips). For sample preparation, small amounts
of the Pt/Al203 catalysts were dispersed in ethanol and drop-casted on 300 mesh copper grids
with lacey carbon coating (Plano GmbH). The size of 150-400 Pt nanoparticles from different
areas of the sample were analysed individually by two operators using ImagelJ to obtain size

distributions.!*3

CO pulse chemisorption was used to probe the accessible active sites of the supported
nanoparticles. For this, a total of 300 mg of the respective Pt/Al2O3 catalyst materials were
analysed in an Autochem II 2920 (Micromeritics). The samples were flushed by a continuous
flow of 20 mL min' He with intermittent dosing of 368 pL CO to quantify the amount of
adsorbed CO.

Dehydrogenation of H12-BT

All dehydrogenation experiments in this work were conducted in a 100 mL three-neck round-
bottom flask.l'31 H12-BT (degree of hydrogenation >97.5%; Hydrogenious LOHC
Technologies GmbH) was weighed into the flask. Hereafter, a thermocouple immersed in the
liquid, a catalyst dosing device and an Ar inlet line were connected through the side necks,
while an intensive condenser was attached to the middle-neck.['*) The corresponding amount
of catalyst material to realize a Pt:H12-BT ratio of 0.1 mol% was loaded into the dosing device.
Before the start of the experiments, an Ar flow of 300 mL min"' was set by a mass-flow
controller (Bronkhorst Deutschland Nord GmbH). The system was then heated to the desired
reaction temperature of 250 °C by a heating jacket with a temperature controller. The catalyst
was released into the pre-heated liquid phase upon stabilization of the temperature to initiate
the reaction. To quantify the amount of released Hz, a thermal conductivity detector (TCD,
Messkonzept GmbH) was used to analyse the concentration of Hz in the off gas at an internal
set temperature of 60 °C. From the TCD measurement, the volumetric flow rate of hydrogen

Vi, can be calculated using Equation (1).1'*!

. Py .
Vi, = 1=, Var (1)



Where ¢, stands for the measured volume fraction of hydrogen in the exhaust gas stream
and V,, for the volumetric flow of argon with which the reaction chamber is overflown.

The productivity P of the catalyst can then be calculated using the volumetric flow rate of

hydrogen according to Equation (2).[!3]

VH "PH
p=—2_"2
Meatr “ Wpt

)

Where the density of hydrogen at 273.15 K (py, = 0.0899 kg/m?®), the catalyst mass mq;

and the metal loading wp,, measured by ICP, were used for the calculation.

In addition, the degree of dehydrogenation (DoDH) can be derived with the know amount of

maximum reversibly bound Hz in H12-BT 7:12,max according to Equations (3) and (4).[1%]

t . p
ny, () = [, X%‘ Var: ﬁ dt (3)
r 2
DoDH = L(t) (4)
N Hymax

Results and discussion

Based on previous works by Auer et al.”?!, the selected Al2O3 powder support provides suitable
properties for the dehydrogenation of homocyclic LOHC compounds e.g., HI8-DBT or
H12-BT. XRD analysis of the powder support reveals a y-Al2O3 structure (Figure S2 in the
supplementary information). A specific surface area of 162 m? g'! and a mean pore diameter of
20 nm were determined by means of N2 physisorption (Table 1, Figure S3). A sufficiently large
specific surface area allows for a good dispersion of the platinum nanoparticles on the support
with large inter-particle distances, whereas a large mean pore diameter minimizes mass

transport limitations due to the bulky LOHC molecules.!"”]

Table 1: Morphology of powder and shaped Al,O3 supports.

Support Surface area/ m?g? Mean pore diameter / nm Size
Powder? 162 20 35 um (dso)
Shaped!* 180 na 5.0x5.0x2.2mm

(I— X Dout X Din)
* As determined by means of N2 physisorption



For a first conceptual test, a Pt/Al2O3 catalyst was prepared based on the synthesis described
in the methodology section and found in Figure . Colloidal Pt nanoparticles were synthesized
using a PVP:Pt ratio of 10:1 and a NaBHa:Pt ratio of 0.31 molnasus molpe! based on

2.23.391 A 0.20 wt.% Pt/AL2O3 catalyst was targeted by immediate immobilization of

literature.
the nanoparticles onto the powder Al2O3 support. An actual Pt loading of 0.18 wt.% was
determined by means of ICP-OES. Nanoparticle size analysis using high-resolution
transmission electron microscopy (HR-TEM) resulted in a mean diameter of 2.1 nm (Figure

2a).

The catalyst was then tested in the dehydrogenation of H12-BT at 250 °C to assess the general
suitability of chemical reduction of the catalyst during colloidal synthesis for subsequent
catalytic applications. The Al2O3 support does not provide any dehydrogenation activity
(Figure S4). The observed initial productivity of the synthesized Pt/Al2Os catalyst of up to 0.5
gr2 gp! min’! (Figure 2b) during batch dehydrogenation is comparable with reported values of

1

0.7 to 0.9 gm2 gee! min! by Riide et al.l*®), who tested a commercial, selectively poisoned

catalyst at significantly higher temperature of 290 °C.
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Figure 2: (a) HR-TEM micrograph and particle size distribution of colloidal, chemically

reduced Pt nanoparticles immobilized onto a powder Al,Os; support and (b)
productivity as a function of degree of dehydrogenation (DoDH) during semi-batch
dehydrogenation of H12-BT. The shaded data resembles the deviation during
reproduced performance testing. Reaction conditions: T = 250 °C, Pt:LOHC =
0.001 molp; molronc™, Far=300 mL min™, treacion = 120 min, Pt loading = 0.2 wt.%
Synthesis conditions: Batch procedure with powder Al,Os support, PVP:Pt = 10
gpve gpi |, NaBH4:Pt = 0.31 molnapua molp, .

The successful dehydrogenation of H12-BT demonstrates the catalytic activity of the
immobilized, chemically reduced nanoparticles. These nanoparticles are deployed without

any pre-treatment e.g., calcination or reduction in Oz-rich or H:-rich atmospheres,



respectively, and are stabilized by the capping agent PVP. The steric and bulky PVP
molecule limits the growth of the nanoparticles after the addition of NaBH4 which itself
instantly triggers the nucleation of Pt monomers and at some point, the growth of the
present nanoparticles. This is accompanied by a change of colour from yellow (Pt-
precursor + PVP) to brown (after NaBH4 addition), which remains unchanged until the
solvent removal step. This, at least visually, indicates that PVP stabilizes the morphology
of the formed Pt nanoparticles and is discussed in more detail in the following section of
this manuscript. The Pt nanoparticles are physically immobilized on the Al.O3 support
during solvent removal for the synthesis route of this manuscript, contrary to wet
impregnation routes, where the support surface is modified with a Pt precursor and then

thermally reduced to metallic Pt nanoparticles. [!!-13]

Pt nanoparticle size control in batch procedure

First, the influence of the gravimetric ratio of PVP:Pt on the nanoparticle size in the respective
catalysts was evaluated. However, no significant change in the resulting Pt nanoparticle size of
2.2 nm was observed in the range of 5:1 to 15:1 (Figure 3). Only the highest ratio of 20:1
resulted in larger nanoparticles, but reproducible syntheses become challenging, most likely
due to an insufficient control of the particle growth. Since the large PVP molecules
(40,000 g mol'') may prevent access to the Pt surface, the accessibility of the metallic Pt sites
was probed for different PVP:Pt ratios by means of CO pulse chemisorption (Figure 3). A
detrimental influence of surfactants on catalysis has previously been reported,[***¢! which
renders synthesis routes with low to zero amount of surfactants highly desirable.*”] Low
PVP:Pt ratios result in a specific adsorption of CO of approx. 10 pmol g, which is close to
the expected amount for fully accessible spherical 2.2 nm nanoparticles (13.3 umol g!). This
result also suggests that the approximation of the nanoparticle size based on HR-TEM analysis
is applicable for the herein studied materials. Interestingly, the amount of adsorbed CO
decreases below 4 pmol g'! when increasing the PVP:Pt ratio to 15 gpvp gpi'!. This indicates
blockage of Pt surface by the bulky stabilizer at PVP:Pt ratios >15. As the CO adsorption
capacity is comparable for the lower ratios of 5 and 10 gpve gpc!, no significant hindrance is
expected for these low PVP:Pt ratios and 5 gpve gpi! was selected for subsequent catalysts

syntheses.
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Figure 3: Influence of the specific amount of capping agent PVP on the size of synthesized

Pt nanoparticles in the catalysts according to HR-TEM analysis and the cumulative
amount of adsorbed CO. Red box indicates the approximated CO adsorption
capacity for the smaller nanoparticle sizes for spherical nanoparticles with full
accessibility of the Pt surface. Synthesis conditions: Batch procedure with
NaBH4:Pt ratio = 0.31 molnagns molpc'. Error bars represent the standard deviation
of the mean nanoparticle sizes from three reproductions of each synthesis.

Analogous to the previous experiments with varying amounts of capping agent, the influence
of the amount of reducing agent was also studied. Since the degree of reduction is linked to the
utilized amounts of reducing agent and metal precursor, the molar NaBHa4:Pt ratio is herewith
considered. This ratio is systematically varied in the range of 0.21 to 0.47 molnasHs molp’.
Size analysis of the platinum nanoparticles in the catalysts was, once again obtained, based on
HR-TEM analysis since CO chemisorption proved to be affected by the presence of PVP
(Figure 3). While a strong effect for high PVP:Pt ratios was clearly identified, a less
pronounced effect at low ratios cannot be fully excluded. Further, the size distribution can only
be analyzed by means of HR-TEM. Such a size analysis is associated with certain errors
stemming from setting the focus, hindered analysis due to the Al203 support, individual
perception of the operator etc. Hence, we conducted three repetitions of the synthesis with

individual size analyses to increase the significance of the results.

Expectedly and in agreement with the model of particle formation proposed by LaMer et al.!*?],
the platinum nanoparticle size strongly depends on the amount of NaBHa used for the reduction
(Figure 4). Increased NaBHa:Pt ratios result in a higher monomer concentration and,
consequently, a faster nucleation rate. Hence, the monomer concentration remains beyond the

critical supersaturation for longer durations, enriching the particle nucleation regime.



Nevertheless, if the NaBHa:Pt ratio is further increased, the size of randomly formed clusters
increases due to the prompt monomer formation. This induces the formation of larger nuclei
that contribute to a rapid drop in monomer concentration below the critical supersaturation i.e.,
terminating the nucleation regime and initiating particle growth.*”) Moreover, rapid reduction
in the case of the highest NaBHa:Pt ratio may cause the formation of inhomogeneities within
the suspension, which leads to a broadening of the particle size distribution and lower
reproducibility. A similar correlation between the applied NaBH4:Pt ratio and the resulting size
of PVP protected nanoparticles is described by Bedia et al.°® Overall, an increase of the
NaBHa4:Pt ratio leads to an increase in the nanoparticle size covering a size range from 2 to 6
nm. All NaBH4 solutions were diluted, which generally facilitates the synthesis of small
well-defined nanoparticles with narrow size distributions. This is again in agreement with
LaMer et al.[*®]
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Figure 4: Influence of the specific amount of aqueous reducing agent NaBH4 on the size of
synthesized platinum nanoparticles according to HR-TEM analysis. Synthesis
conditions: Batch procedure with PVP:Pt ratio = 5 gpvp gpi'. Error bars represent
the standard deviation of the average value over three reproductions.

Two exemplary HR-TEM micrographs and the corresponding narrow particle size distributions
of catalysts synthesized with NaBHa:Pt ratios of 0.21 and 0.47 molnasrs4 molp! are shown in
Figure 5, while the analysis of the remaining catalysts can be found in the supplementary
information (Figures S5 & S6). In contrast to the general trend, the lowest NaBHa:Pt ratio
resulted in the formation of slightly enlarged nanoparticles (Figure 4). This may be due to the
weak reduction force of the diluted reducing agent, which results in a slow formation of metal

monomers. Accordingly, the nucleation rate is similarly slow. This is due to the consumption
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of the slowly formed Pt monomers during the nucleation phase, which results in a quick drop

in monomer concentration shortly after exceeding the critical supersaturation. During the

following growth regime, the ongoing reduction of platinum mostly contributes to particle

growth rather than to the formation of new nuclei.
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HR-TEM micrographs (scale bars: 10 nm) and Pt nanoparticle size distributions for
Pt/Al,O; catalysts synthesized with NaBH4:Pt ratios of (a) 0.26 and (b)
0.47 MOlnasra Molp® resulting in mean platinum particle sizes of 2.0 and 4.7 nm,
respectively. Synthesis conditions: Batch procedure with PVP:Pt ratio = 5 geve get™.

For the following catalyst syntheses, a NaBH4:Pt ratio of 0.31 moln.sns molp' was selected as

the obtained particle size is sufficiently small to enable high Pt dispersions and in combination

with a high reproducibility.

Immobilization of Pt nanoparticles onto shaped supports

Commonly, Pt/Al>O3 shaped catalysts for the dehydrogenation of H18-DBT and H12-BT are

synthesized via wet impregnation.[*> Strong interaction via electrostatic adsorption enables
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high dispersions and allows for the desired egg-shell distribution of the active component and
also determine the nanoparticle size or even shape.l'' 51 Herein, the separate synthesis with
subsequent immobilization of nanoparticles onto a support material preserves their
well-defined structure, while an appropriate distribution of the well-defined nanoparticles on
the support material may be challenging. This is evidenced for different shaped catalyst batches
using the previously described batch nanoparticle synthesis with subsequent immobilization
onto the support, which exhibit apparent inhomogeneities for a shaped support (Figure S7). To
accommodate immobilization onto shaped supports, the drying procedure in a rotary
evaporator was divided into two sections: slow nanoparticle deposition at a moderate pressure
of 250 mbar, followed by solvent evaporation at 35 mbar combined with a faster rotation of
the synthesis flask (150 vs. 50 rpm). This procedure facilitated the penetration of the outer
layers of the shaped support by dispersed nanoparticles, which already contain immobilized Pt
nanoparticles. The homogeneity of the obtained shaped catalyst was thereby significantly
improved (Figure 6).

Figure 6: Photograph of four batches of synthesized Pt/Al,Os; with optimized immobilization
procedure of chemically reduced colloidal nanoparticles onto hollow cylinders. Synthesis
conditions: Batch procedure, PVP:Pt ratio = 5 gpvp gp' and NaBH4:Pt ratio =
0.31 molnau4 mOlp{l.

To evaluate the performance of the shaped catalysts in the dehydrogenation of H12-BT, Pt
nanoparticles with an average diameter of 2.3 nm were synthesized and immobilized onto
Al20s3 support material, both as powder and hollow cylinders. The catalytic testing was
performed in a semi-batch dehydrogenation experiment at 250 °C (Figure 7). The initial
productivity of the shaped catalysts was slightly reduced, while Hz release at higher DoDH was
facilitated resulting in comparable DoDHs of 42% and 46% after 120 min for the powder and
shaped catalysts, respectively. The initial divergence may be caused by mass transport

limitations in case of the shaped catalyst, as large amounts of gaseous Hz are released during
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this initial phase of the semi-batch dehydrogenation. However, this effect is not very
pronounced due to the low egg-shell thickness. Peters et al.!** studied the macrokinetic effects
in perhydro-N-ethylcarbazole (H12-NEC) dehydrogenation by using egg-shell catalysts with
various shell thicknesses. Based on their findings for HI12-NEC, the absence of mass transport

limitations for a reaction at 250 °C with a catalyst of approximately 5 um shell thickness can

be assumed.
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Figure 7:  Productivity of Pt as a function of the degree of dehydrogenation (DoDH) for synthesized
Pt/Al,O3 powder and shaped catalysts with Pt nanoparticle sizes of 2.3 nm during semi-
batch dehydrogenation of H12-BT. Reaction conditions: T = 250 °C, mcatays= 10 g,
Pt:LOHC = 0.001 molp molionc™, Far = 300 mL min™, treaction = 120 min, Pt loading = 0.2
wt.%. Synthesis conditions: Batch procedure with PVP:Pt ratio = 5 gpvp gp', NaBH4:Pt
ratio = 0.31 molxapua molpc .

To further investigate the scalability of the presented colloidal approach, a fivefold scale-up of
the batch synthesis of well-defined platinum nanoparticles with a mean particle size of 2.3 nm
with subsequent immobilization onto shaped alumina yielding 50 g of Pt/Al2Oz3 catalysts in one
step was conducted. However, the scale-up resulted in a worse performance during
dehydrogenation of H12-BT at 250 °C (Figure 8) when compared to the catalyst synthesized
on a small scale with a total amount of 10 g. This may be caused by an inferior nanoparticle
deposition with potential agglomeration and/or low inter-particle distances. With further
optimization of the deposition procedure, the performance loss of the large-scale synthesis

using shaped supports may be minimized.
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Figure 8: Productivity of Pt as a function of the degree of dehydrogenation (DoDH) during semi-batch
dehydrogenation of H12-BT using the fivefold Pt/Al,O3 shaped catalyst compared to the
small-scale synthesis. Reaction conditions: T =250 °C, Pt:LOHC = 0.001 molp molronc’,
Far = 300 mL min™', treaction = 120 min, Pt loading = 0.2 wt.%. Synthesis conditions: Batch
procedure with PVP:Pt ratio = 5 gpyp gpe', NaBH4:Pt ratio = 0.31 molnasns molp .

The reproducibility of the performance of different samples within the same batch of shaped
catalysts synthesized on the large scale was also demonstrated (Figure S8). Moreover, the
platinum loading according to ICP-OES analysis was consistent for several independent
cylinders from the large-scale catalyst batch (Table S1). This illustrates the scalability and
reproducibility of the colloidal approach, especially for shaped catalysts. The optimized solvent
separation procedure thereby enables an enhanced distribution of the platinum nanoparticles

on the support material and batch homogeneity.
Continuous Synthesis

With regard to a further upscaling of the synthesis of well-defined Pt nanoparticles, especially
with respect to the production of larger catalyst quantities for use in technical reactors, a
continuous nanoparticle synthesis is of special interest. Here, the long-term stability of the
reducing agent is of great importance as it is not consumed immediately. In literature,
stabilization of the reducing agent NaBH4 by NaOH has been ascribed to the pH dependency
of its hydrolysis (Figure S1). A larger pH value preserves its reducing ability, and thus affects
particle formation. Usually, a pH of 12 is targeted as the half-life of the reducing agent increases

from 9.1 min (aqueous solution at pH 10) to 6.3 days (pH 12).[53-5¢]

At first, the role of pH adjustment during the synthesis of nanoparticles with narrow size

distributions over an extended particle size range was examined. Various amounts of NaBH4

14



were dissolved in 10 mM NaOH solution (pH 12) and used for the synthesis of Pt nanoparticles.
The modification of the batch synthesis with stabilized reducing agent resulted in a particle
size range of 1.8 to 2.8 nm (Figure 9), which is smaller than without the use of NaOH. However,

the control of the final particle size increases drastically.
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Figure 9: Influence of the specific amount of basic reducing agent NaBHs on the size of Pt
nanoparticles according to HR-TEM analysis. Synthesis conditions: Batch procedure with
ALO; powder, PVP:Pt ratio = 5 gpvpgp', Cnoon = 10 mM. Dashed line represents
exponential fit of the whole range. Solid line represents linear fit according to Equation (5).

For NaBHa:Pt ratios exceeding 0.7 molxars molei !, the obtained Pt nanoparticle sizes increase
only marginally with increasing NaBHa4:Pt ratio and strive towards a plateau of a maximum
nanoparticle size of 2.8 nm. This threshold was also observed by Van Rheenen et al.*¥ using
a significantly higher NaBHa4:Pt ratio of 18.3 molnaHs molpc!, suggesting 2.8 nm as the
maximum achievable particle size in the applied colloidal synthesis with basic NaBHa4 solutions
at pH 12 under ambient conditions. Within the range of 0.2 to 0.7 molnasxs molet?, the mean
Pt nanoparticle sizes exhibit a linear dependency with respect to the NaBHa:Pt ratio. These
findings emphasize the importance of a consistent and controllable reduction force for a highly
size-selective synthesis of Pt nanoparticles. The linear correlation in the mentioned range (0.2

to 0.7 molnasHs molett) may be described by Equation (5).

d, = (1.73-("221) 4 151) nm (5)

npt

The results of the synthesis using basic NaBHa4 solutions are compared to the previously
demonstrated correlation using aqueous NaBHa4 solutions (Figure S9). Here, Pt nanoparticles
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synthesized via basic NaBH4 demonstrate smaller particle sizes for the same NaBH4:Pt ratio.
It is also noteworthy that these nanoparticle sizes are less sensitive to the concentration of
reducing agent than in the previously synthesized catalysts using aqueous NaBH4 solutions.
This, and the maximum achievable particle size at 2.8 nm, is a clear indication for a successful
inhibition of the hydrolysis of NaBH4 in NaOH, when compared to the rash hydrolysis in
aqueous solutions. This allows better control over the particle’s reduction. Based on these
results, a foundation for the controlled synthesis of well-defined Pt nanoparticles is established
where Pt/Al20s catalysts with platinum particle sizes of 1.9-6.0 nm may be synthesized using
aqueous NaBH4 solutions, as well as 1.8-2.8 nm via basic NaBH4 solutions, with the latter

demonstrating better control and reproducibility of particle size.

With the successful stabilization of the reducing agent, a continuous synthesis of well-defined
Pt nanoparticles can be implemented. Therefore, a microfluidic reactor (R-01) in combination
with a two-channel syringe pump (P-01) was developed. The two stock solutions (aqueous Pt-
PVP and NaOH stabilized NaBH4 solutions) are provided in separate syringes (B-01 and B-02)
and the resulting nanoparticle solution is collected in a round bottom flask (B-03). The
microfluidic setup (Figure 10) is comparable to syntheses applied in literature.-5% Three
syringe combinations were investigated (Table 2).

a

B-03

Figure 10:(a) Schematic illustration and (b) photograph of the laboratory setup for he continuous
microfluidic synthesis of Pt nanoparticles.
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Table 2: Investigated syringe combinations for the continuous synthesis of Pt nanoparticles. The large
syringe is used for the Pt-PVP solution, the small syringe is used for the NaOH stabilized
NaBHj solution.

Combination Vlarge syringe Llarge syringe Vsmall syringe Lsmall syringe Flow rate ratio*

index [mL] [cm] [mL] [cm] [-]
A 30 11 20 9 1.54
B 30 11 10 7.5 3.57
C 100 13.5 30 9 6.50

*Flow rate ratio = (syringe diameter ratio)?

Continuous nanoparticle syntheses were performed with the combinations A, B and C. Based
on the findings from previous batch syntheses, the respective stock solutions were prepared
with the PVP:Pt and NaBHa4:Pt ratios required to target platinum nanoparticles with a particle
size of 2.4 nm (5 geve gpc!, 0.47 molnaers molpc!, 10 mM NaOH). According to literature, a
flow rate of 0.84 mL min™! was set for the Pt-PVP solution in the large syringe.[*” The platinum
nanoparticles from the continuous syntheses with the different syringe combinations exhibit
mean particle diameters of 2.66 (A), 2.69 (B) and 2.68 nm (C) according to analysis by means
of HR-TEM (Figure S10), which are marginally higher than the targeted value of 2.4 nm
(Figure 11). This may be an artefact of the broadened size distributions for continuously
synthesized nanoparticles with standard deviations of +0.45, £0.48, and +0.40 nm for the
different combinations A, B, and C, respectively (£0.23nm for batch procedure). Since there is
little difference in the particle sizes of the Pt nanoparticles produced via the different syringe
combinations, combination C is selected due to the narrow particle size distribution in
combination with the largest volume of nanoparticle suspension facilitating the scale-up of the
synthesis procedure. The synthesis volume is twice as high as in the standardized batch

synthesis, while the continuous synthesis may be easily scaled further.

a L e B B e A B E b 045 — i — T T T 1 T
05| — Batch g 0.40 - — Continuous
d,=2.39 nm r d, =2.68 nm
0.35 - -
04 - . L —
c ] c 030+ -
1] kel r
E 03 L ] E 025 - -
B B oo | |
a 8 020 i 4
o 02r 1 c 015 L .
010 |- i
01 4 | |
0.05 | -
0 1 1 1 1 1 1 1 1 0 I | | 1 1 1 1 1 | ]
05 10 15 20 25 30 35 40 45 50 05 10 15 20 25 30 35 40 45 50
Mean Volume Diameter / d, Mean Volume Diameter / d,
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Figure 11:Pt nanoparticle size distributions for Pt/Al,O; catalysts synthesized via (a) batch and (b)
continuous procedure. Synthesis conditions: Batch procedure with PVP:Pt ratio =
5 gpvp gpi|, NaBH4:Pt ratio = 0.47 molnasna molp!, cxaon= 10 mM. Continuous procedure
with syringe combination C, Fuig syringe = 0.84 mL min™, PVP:Pt ratio = 5 gpyp p¢', NaBHa4:Pt
ratio = 0.47 molnasrs molp!, cnaon = 10 mM.

In order to achieve a defined Pt nanoparticle size, the influence of the amount of reducing agent
on the Pt particle size was also investigated for the continuous process. For this purpose, several
stock solutions with different concentrations of the reducing agent NaBH4 were prepared and
subsequently used in the continuous colloidal synthesis with chemical reduction. The general
correlation between the NaBHa:Pt ratio and the Pt nanoparticle size in the continuous synthesis
is comparable to the batch synthesis (Figure S11), where the mean particle size of Pt
nanoparticles synthesized continuously deviates marginally (~0.2-0.3 nm) from their
equivalents of the batch route for the same NaBHa4:Pt ratio. Here, and in contrary to the batch
synthesis, a plateau was reached at 2.8 nm for the continuous synthesis route (Figure 12). This
emphasizes, in line with the previous findings in this work and of Van Rheenen et al.!>¥, that
the maximum achievable particle size via the applied colloidal synthesis with basic NaBH4
solutions at pH 12 and under ambient conditions lies around 2.8 nm, regardless of the operation

mode of the synthesis.

30 T T T T T T T

INd N I
Py =] =]
T T T
L I

Mean Particle Size / nm

N
N
T
1

20 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 12 14 16

NaBH,:Pt Ratio / mOly,gy Mol "

Figure 12:Influence of the specific amount of basic reducing agent NaBH4 on the size of Pt
nanoparticles from the continuous colloidal synthesis with chemical reduction. Synthesis
conditions: Continuous procedure with syringe combination C (100 mL, 30 mL), Fuig syringe
=0.84 mL min™', PVP:Pt ratio = 5 gpvp gp . Error bars represent standard deviation for three
reproductions.

Lastly, the performance of the continuously synthesized Pt/Al.Os catalysts in the

dehydrogenation of H12-BT was evaluated at a reaction temperature of 230 °C (Figure 13).
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The low reaction temperature was selected to amplify potential differences in the performance.
A catalyst with the same particle size from the batch synthesis procedure is used as benchmark.
Both catalysts show a similar performance indicating that the continuous synthesis route may
be applied for the production of dehydrogenation catalysts and, apart from the slightly
increased particle size, has no influence on the activity of the obtained catalysts.
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Continuous synthesis

® Batch synthesis
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Figure 13:Productivity as a function of degree of dehydrogenation (DoDH) during semi-batch
dehydrogenation of H12-BT using Pt/Al,Os; powder catalysts with platinum nanoparticle
sizes of 2.4 nm synthesized via batch or continuous synthesis route. Reaction conditions: T
=230 °C, npi:nionc = 0.001 mol.%, Far = 300 mL min™', treaction = 120 min, Pt loading = 0.2
wt.%. Synthesis conditions: Batch or continuous procedure with powders, PVP:Pt ratio = 5
gpvp gp{l, NaBHy4:Pt ratio = 0.31 molnapa4 mOlp{l, Craon = 10 mM.

Comparison of synthesis routes

The scope of this study is to investigate the synthesis of Pt/Al2O3 catalysts via the colloidal
route and to establish a reproducible and scalable preparation route for well-defined
dehydrogenation catalysts. The applied colloid chemical synthesis of nanoparticles is special
since the reduction of the metal precursor, and hence the particle formation regime, may occur
independent from the employed support.[S:62) The utilization of a chemical reducing agent is
widely deployed in size-selective colloidal syntheses and facilitates good control over the
quantity and strength of the reduction force, contrary to thermal treatment and reduction under
hydrogen atmospheres. However, the latter is of equal importance, due to its scalability and
applications in industry. As a result, this study evaluated the different parameters of the
colloidal route, as well as attempted two scale-up steps to enable the synthesis of larger batches
for e.g., studies in technical reactors. Several batch and continuous syntheses are presented
covering a wide range of nanoparticle and batch sizes (Figure S14). In particular the continuous

synthesis enables large batch sizes.
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Figure 14:Batch and nanoparticle sizes covered by the presented batch (two batch sizes) and
continuous (variable batch size) synthesis procedures.

The reducing agent, NaBH4, was identified to have the largest influence on the herein used
colloidal route and for the proposed catalyst system, whilst the role of PVP was only marginal
in varying Pt nanoparticle size. Nonetheless, a more precise control over particle size was
strived, which was established by inhibiting the hydrolysis of NaBH4 via addition of NaOH
and hence increasing the basicity towards a pH~12. Not only did this achieve more control over
particle size, due to the controlled hydrolysis and hence variable reduction force, but it also
increased the shelf-life of the reducing agent. Here, the half-life decay of the NaBHa4 solution
increases from 9.1 min (aqueous solution) to 6.3 days at pH 12.1°3-%% This serves as the
foundation for the scale-up of this synthesis route, since the reduction occurs in a rather
controlled manner in basic solutions than instanteneous for ageous ones. However, utilizing
basic NaBHa4 solutions demonstrates a limit for the achievable platinum paricle size at 2.8 nm
(Figuree S11), corresponding to findings in the literature.>* Moreover, the performance of
catalysts with similar Pt particle sizes, synthesized using aqueous or basic NaBH4 solutions,
demonstrate no change in performance. This indicates that these catalysts can be used for
dehydrogenation reactions, where C-H bondbreaking is involved, regardless of the type of
reducing agent used. The nanoparticles prepared via a continuous microfluidic synthesis setup
demonstrated comparable Pt particle sizes and performance in the dehydrogenation of H12-

BT.
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After establishing a foundation for controlling Pt particle size, the first shaped catalysts were
produced to allow technical studies on structure sensitivity. Here, only marginal change in
performance between shaped and powder catalysts is detected, possibly due to mass transport
limitations accompanying the use of shaped supports. Thereafter, the first attempt for scaling
up the amount of yielded catalyst to 50 g was conducted successfully, but had a detrimental

effect on the dehydrogenation activity.

Finally, to assess the colloidal synthesis route itself and for comparison with classical catalyst
preparation routes, the shaped catalysts of this study and the state-of-art industrial catalyst for
the dehydrogenation of H12-BT and H18-DBT are compared in the dehydrogenation of H12-
BT at 250 °C (Figure 15). Note, that the industrial catalyst is selectively poisoned with sulfur
and has been optimized for operation at 310 °C.**] Nonetheless, both catalysts demonstrate
comparable performance over 2 h. Other catalyst systems in literature clearly outperform the
presented catalysts due to a superior design, such as the addition of promoters or an optimized
Pt nanoaprticle size.['>*64 In the herein presented catalysts, potential hindrance by residual

PVP may represent another detrimental factor.
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Figure 15: Degree of dehydrogenation of H12-BT over time at 250 °C for shaped Pt/Al,O; catalysts
synthesized via colloidal or wet-impregnation approach. Reaction conditions: T = 250 °C, np:nronc =
0.001 mol.%, Far = 300 mL min™", treaction = 120 min, Pt loading = 0.2 wt.% Pt for synthesized
catalysts; 0.3 wt.% Pt for industrial catalyst. Synthesis conditions: Batch procedure with shaped
AlLO3, PVP:Pt ratio = 5 gpve gp', NaBH4:Pt ratio = 0.31 molnapns molp,.
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Summary and conclusions

In this work, a colloidal approach in combination with chemical reduction was optimized for
the synthesis of well-defined Pt nanoparticles focusing on size control. After immobilization
onto Al20s support materials, the supported catalysts were employed in the dehydrogenation
of the LOHC H12-BT without further pre-treatment. Different parameters were varied during
the synthesis to evaluate their influence on the size of the Pt nanoparticles. The amount of the
steric stabilizer PVP showed only a marginal effect on the platinum particle size for the studied
range of PVP:Pt ratios. To minimize its potential effect on catalysis, the lowest ratio of
5 geve get L was used. Similarly, the influence of the reducing agent NaBHz on Pt nanoparticle
size was investigated. Supported nanoparticles in the size range of 2.0 to 6.0 nm were
synthesized, while the amount of reducing agent scales with the nanoparticle size in agreement
with theoretical models of particle formation. The use of basic NaBHa4 solutions allows for a
more precise control of the Pt nanoparticle size up to 2.8 nm, while increasing the temporal
stability of the reduction solution enabling its use in continuous synthesis. To provide well-
defined catalysts for studies in technical reactors, the immobilization of the prepared Pt
nanoparticles was transferred from powder to shaped supports by using hollow Al203 cylinders.
Despite possible limitations due to mass transport effects during dehydrogenation of H12-BT
as model reaction, the shaped catalysts showed only minor differences in catalytic performance
compared to powder catalysts and was demonstrated with a scale-up yielding more than 50 g
of well-defined Pt/Al.Os catalyst in one step. Finally, the continuous synthesis of Pt
nanoparticles using a microfluidic reactor was demonstrated and enables production of even
larger quantities. Analogous to the observations from batch syntheses, the size of the Pt
nanoparticles in the continuous syntheses was also mainly linked to the amount of reducing
agent. Catalysts synthesized via the continuous procedure showed similar catalytic

performance in the dehydrogenation of H12-BT as a comparable catalyst from batch synthesis.
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