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Abstract

Novel developments in catalytic nanomaterials will enable more sustainable processes
provided that scalable synthetic methods can be developed. Recently, inverted systems consisting
of palladium nanoparticles (Pd NPs) encapsulated in a porous titania shell (Pd@TiO>) that has
micropores have been associated with high selectivity for hydrodeoxygenation. These catalysts are
currently synthesized in low-throughput batch processes that can be difficult to scale because of
poor mixing at large scales. Mixing can be controlled through a continuous jet-mixing reactor that
has been previously demonstrated to produce monodisperse nanomaterials. A jet-mixing process
is developed for continuous Pd@TiO: synthesis by evaluating the effect of important synthesis
parameters in batch. PA@TiO: synthesized through jet-mixing is found to contain comparable
microporosity to its lab scale batch-synthesized counterpart. The materials produced using the jet-
mixing reactor achieve >99.3% selectivity for the HDO product (i.e., toluene) over the

decarbonylation product (benzene). Overall, these results demonstrate that the continuous jet-
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mixing reactor is a promising technology for scalable production of selective Pd@TiO:

nanocatalysts.
Article highlights:

e Continuous scalable jet-mixing process developed for controlled environment Pd@TiO»
nanomaterial synthesis

e Integration of a controlled environment sample collection system enables use of water
sensitive reagents.

e Flow-synthesized Pd@TiO, achieves high selectivity (>99.3%) towards benzyl alcohol

HDO

Keywords: Continuous synthesis; catalytic nanomaterials; process development; HDO; inverted

catalyst
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1. Introduction

Advancements in the synthesis of nanomaterial catalysts have impacted many fields,
including the conversion of biomass to value-added fuels and chemicals [1,2]. Indeed, the
development of novel catalyst configurations and morphologies has produced materials with
improved selectivity towards desired products [3—9]. A key challenge that hinders commercial

application of these exciting results is the translation of the lab-scale syntheses of these materials
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to bulk production. Currently, these syntheses are performed in small-volume batch reactors. Batch
synthesis methods are hindered by low process throughput and process variability that results in
materials with a distribution of properties, including a broad nanoparticle size distribution. These
challenges can be attributed to differences in mixing as the process is scaled-up, which typically
results in poor mixing [10]. Hence, there is a need for the development of processes that synthesize

supported catalysts in a scalable manner while retaining the quality obtained at the lab scale.

An attractive model system is to use inverted nanomaterial catalysts. Inverted nanomaterial
catalysts are comprised of metal nanoparticles encapsulated within a porous metal oxide film,
forming a composite material [3,4,11]. These materials have better catalytic activity [2,12—17] and
stability [6,18] than traditional supported catalysts. Inverted systems can be synthesized using
different methods, including (1) oxide deposition, (2) single-step syntheses, and (3) two-step
syntheses [8]. Oxide deposition methods involve deposition of metal nanoparticles on a metal
oxide, that is further coated with metal oxide using chemical deposition techniques such as atomic
layer deposition [5]. Although the atomic-scale control over film thickness makes synthesis
reproducible, high temperature treatment post synthesis is necessary to induce porosity in the shell
and restore catalytic activity [6]. This can cause undesired alterations in the catalytic structure. A
single-step synthesis method combines both the metal and metal-oxide components are
synthesized simultaneously from the bottom-up [19,20]. Whereas this technique is attractive
because of the low cost associated with a single step and the potential ease of scale-up, it is
challenging to achieve precisely controlled shape, size, and morphology of the inverted structures
[21,22]. Two-step methods involve the synthesis of unsupported metal nanoparticles before oxide
overlayer deposition. This is an alternative approach that improves the controllability of the

synthesis since the metal NPs can be pre-synthesized and used as “seeds” in the synthesis of the
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metal oxide shell. A common technique in two-step syntheses is growth of the metal oxide on
functionalized metal NPs [21]. Functionalized growth incorporates ligands or surfactants with
specific binding groups on the metal NPs post-synthesis that reduce the interfacial energy between
the metal and metal oxide and make synthesis energetically favorable [4,23]. Further, porosity in
oxide shells can be introduced using surfactant micelle arrays without additional heat treatment,

making this a favorable technique [24,25].

Two-step synthesis has recently been used for the synthesis of inverted Pd@TiO>
nanocatalysts [17]. These materials have demonstrated improved selectivity for the
hydrodeoxygenation (HDO) of aromatics, an important step in biomass conversion that is used as
a test reaction. The improvement in selectivity is attributed to the high microporosity in the
Pd@TiO; catalyst. Specifically, increasing the microporosity in the titania shell is correlated to the
blocking of a secondary, undesirable decarbonylation pathway [11,17]. Interestingly, the
microporosity of the material was controlled by the rate of hydrolysis of the titanium precursor
during synthesis, benefitting from rapid mixing that can be achieved at small scale. These studies
are promising provided that they can be scaled up. Currently, they are conducted at a small scale

in batch reactors that produce limited throughput per batch [11,17].

On increasing size, batch reactors may also suffer from batch-to-batch variability that is
caused by slight differences in parameters such as injection rate of reactants, variation in stirring
speed and geometry, and the method of heating [26,27]. Indeed, the mixing time for lab scale
reactors is estimated to be on the order of seconds[28] whereas large reactor can have mixing times
up to 200 s [29]. This is especially significant for fast processes in which the reaction time is much
smaller than the time taken to achieve concentration homogeneity in solution. Precursors of oxides

such as titania are highly reactive and undergo fast hydrolysis to form the porous oxide network,
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affecting its properties [30]. This necessitates a synthesis technique that can provide high

controllability over the hydrolysis step, in addition to being scalable.

A promising alternative to batch synthesis is continuous flow synthesis. Flow processes
offer improved heat and mass transfer rates owing to their high internal surface area and high
control over the rate and time of addition of reagents [28,31]. This reduces the variability
associated with products synthesized via flow processes [32]. Millifluidic or microfluidic flow
reactors have a compact volume that reduces the extent of mixing required to achieve homogeneity
[33]. The small volume results in a mixing time that is an order of magnitude smaller than batch
processes, making it possible to achieve spatially uniform nanoparticle nucleation and growth. For
fast processes such as hydrolysis, this leads to uniformity in particle properties [33,34]. Flow
processes also benefit from ease of automation and integration of process control in the system as
compared to a batch process. Most importantly, flow syntheses can be readily scaled-up by
increasing reactor run-time or scaling out the number of reactors operating in parallel [35]. Indeed,
flow reactors used for nanoparticles synthesis have shown improved product properties as

compared to batch processes [10,36].

Several geometries have been used in designing microreactors. Three widely used ones are
coaxial jets [37—40], impinging jets [23,34,41-43], and segmented flow [44—47]. In coaxial jet
reactors, one of the reactant streams is directed axially into a wider tube containing the second
reactant. This orientation can result in efficient mixing provided radial mixing can be maximized.
[37,39] Impinging jet reactors consist of the two reactant streams mixing at an angle and are easy
to fabricate. However, the mixing zone can be large and may result in a spread in particle properties
[38]. The segmented flow reactor is known to achieve monodisperse size distributions because of

minimized axial dispersion provided gas and liquid velocities are controlled [48].
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Efficient mixing and design simplicity are key to a scalable process. Recently, our group
has developed a jet-mixing reactor, based on a previous gas-phase synthesis, that can promote
mixing because of narrow jets perpendicularly impinging a main line [49]. The estimated mixing
time has been calculated as 22 ms at conditions that commonly used in this work (see supplemental
information for more details). The simple reactor design enables easy fabrication and offers
flexibility in applications. We have demonstrated the successful continuous synthesis of zeolitic
imidazolate framework (ZIF-8) and silver nanoparticles (Ag NPs) using the jet-mixing reactor
[32,50]. The reactor led to higher reproducibility, narrower size distribution, and increased shelf

life for Ag NPs as compared to conventional batch synthesis.

Additionally, the modularity of the jet-mixing reactor is ideal for sequential processes such
as Pd@TiO: synthesis where reagents need to be introduced controllably in multiple steps at
specified residence times. Specifically, two jet-mixing reactors can be readily assembled in series
- the first for the synthesis of Pd NPs and the second for Ti-precursor hydrolysis to coat the Pd
NPs with TiO». Preliminary work in designing this process involves successful design of a single-

step process that coats pre-formed Pd NPs with titania.

Currently, Pd@TiO: inverted nanomaterials have not been produced using a flow process.
In this work, we will focus on synthesis of the porous titania shell of the Pd@TiO: in a continuous
manner using the jet-mixing reactor developed in our lab. The shell formation conditions will be
thoroughly investigated so that future work can focus on integrating Pd NPs synthesis [51-53]
with the coating process. Initial work focused on directly translating the batch process to flow
conditions, but these conditions resulted in poor material properties and reactor clogging issues.
These issues were resolved through investigating the batch synthesis of Pd@TiO, including

several parameters such as the concentration of the precursors [11]. After identifying favorable
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conditions for batch synthesis, these changes were implemented to the continuous jet-mixing
process, including modifying the reactor to limit pre-mature hydrolysis of the titania precursor.
The Pd@TiO; nanomaterials are synthesized via batch and jet-mixing and their properties are
compared. Additionally, the materials synthesized via batch and jet-mixing are tested for the HDO
of benzyl alcohol to evaluate their catalytic performance. Overall, this work demonstrates the use

of the jet-mixing reactor for the scalable and continuous synthesis of inverted nanomaterials.

2. Results and Discussion

2.1.Pd NP synthesis

Pd NPs are synthesized in batch mode by reducing Pd(acac); by oleylamine in the presence
of TOP as capping ligand at 220°C. The procedure for generating the metal center of the catalyst
results in successful Pd NP synthesis, as is indicated by characterization with XRD. The XRD
pattern obtained for a representative as-synthesized Pd NP batch is shown on the right side in
Figure 1. Peaks corresponding to the (111), (200), (220) and (311) diffraction planes of Pd can be
identified in the pattern. Additionally, broadening of the peaks is observed. These observations
suggest the presence of Pd NPs in the resultant material. TEM analysis is used on some of the
samples to determine the particle size. Several images from different grid locations are taken, one
of which is shown in Figure 1. The size of around 100 particles is measured using ImagelJ software
[54] and it is determined that the average size of Pd NPs is 7+£2 nm, as shown in the top-left inset

in Figure 1.
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Fig 1 TEM image of as-synthesized Pd NPs, synthesized by the reduction of Pd(acac), at 220 °C in the
presence of OA, using TOP as the capping agent. The inset on the top left shows the particle size
distribution obtained through TEM. The sizes of over 100 particles from different grid locations are
measured via ImagelJ software to calculate the size distribution. The average particle size is 7+2 nm.
(Right) XRD data for the batch synthesis of Pd NPs, including peak labels for the diffraction plane.

The nature of capping on the surface of the Pd NPs is determined by analyzing the
synthesized materials with FTIR-ATR. The spectra for the batches are shown in Figure Sla. The
spectra have many features including the stretching bands around 2950 cm!, 2915 cm™!, 2868 cm!,
and 2846 cm™! that suggest the presence of C-H bonds on the surface. The C-H stretching bonds
indicate that TOP, OA, or both (TOP and OA) molecules are present on the surface. The Pd NPs
are also analyzed by FTIR-ATR post treating with CTAB. The spectrum obtained is shown in
Figure S1b along with a spectrum for the pre-CTAB treated Pd NPs as a comparison. The spectrum
for the post-treated material shows a stretching band at 1266 cm’!, suggesting the presence of C-N
bonds on the surface. This band is absent in the pre-treated Pd NP sample, suggesting successful
encapsulation with CTAB. The inset on the bottom left of Figure S1b shows stretching bands
associated with C-H bonds for both spectra, suggesting that some TOP is still present on the Pd

NP surface post-CTAB treatment. The Pd NPs are also analyzed by SEM-EDS after adding CTAB
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to confirm the presence of both TOP and CTAB on the surface. The EDS spectrum obtained for
the material is shown in Figure S2. The presence of bromine and phosphorous is clearly observed,

confirming CTAB and TOP surface capping, respectively.

2.2.Direct translation of batch method to jet-mixing reactor

Initial efforts are aimed at direct translation of the sol-gel batch synthesis procedure used
in previous studies to a continuous process with the goal of achieving a material with high
microporosity, as microporosity has been associated with increased selectivity towards HDO [17].
The effect of several synthesis parameters such as the nature of hydrolysis precursor, solvent,
interfacial ligand concentration, and solution pH on the titania microporosity has been studied in
literature [11]. The synthesis conditions that yield the highest microporosity among the tested
parameters are selected for the standard synthesis. An adaptation of the batch synthesis involves
the injection of ammonium hydroxide (1 mL) to a solution of CTAB-capped Pd NPs (7.6 mg) with
Ti(OBu)s (2 mL) in ethanol (20 mL). Initially, a jet-mixing synthesis is set up with the solution
containing Pd NP and Ti(OBu)4 (20 mL) being delivered through the main line at 48 mL/h and
ammonium hydroxide (20 mL) through the jet line at 48 mL/h. The volume of ammonium
hydroxide is maintained equal to the Ti(OBu)4 solution volume to allow for equal flowrates of the
jet and main lines. Whereas the reactor could be operated with unequal flowrates, this work will
focus on equal main and jet line flowrates since we have experience with equal flow rates in our
previous work for nanomaterial synthesis using jet-mixing [32,50]. The reagent concentrations

used in the jet-mixing synthesis are comparable to the batch.

The product collected from the jet-mixing run (material Pd@TiO2-JM-neat NH4OH) is
characterized for microporosity via nitrogen physisorption. The pore size distribution obtained

from the physisorption isotherm is shown in Figure 2, and the isotherm is shown in Figure S3. It

9
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is observed that the material is largely mesoporous, as is seen by the hysteresis loop between
relative pressure (P/Po) values of 0.4 to 1 in the isotherm. This can be visualized by the pore size
distribution that shows a high incremental pore volume for pores greater than 5 nm. However, the
ideal material for HDO is expected to have high microporosity with presence of mesopores in the

2-5 nm region. The JM set-up also clogs, leading to isolation of a small amount of product.
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Fig 2 Nitrogen physisorption pore size distribution of Pd@TiO, synthesized by direct translation of the
batch synthesis process to jet-mixing (material Pd@TiO,-JM-neat NH4OH). The main line carries Pd
NPs and Ti(OBu)4 in EtOH at 48 mL/h while the jet line carries ammonium hydroxide at 48 mL/h.
Equimolar reagent quantities are used for the batch and jet-mixing syntheses.

Therefore, it is important to develop a synthesis procedure for the jet-mixing system after
examining the effect of synthesis parameters on the porosity and ease of operation. For adapting
the batch synthesis to a continuous system, the effects of several system parameters are
investigated, including (1) the effect of dilution of reagent solutions, (2) the time delay between

addition of reagents, (3) rate of addition of titanium precursor.

2.3. Dilution of ammonium hydroxide

10
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The original batch process involves the injection of a small volume of undiluted ammonium
hydroxide in a short time period into the solution containing Pd NPs and Ti(OBu)4. Since titanium
precursor hydrolysis is a fast mixing-limited process, it is important that the ammonium hydroxide
is injected in a controlled manner to control the material porosity [30]. The injection of a small
volume of reagent into a significantly larger fluid volume over a burst of time may induce
uncontrolled condensation because of poor mixing. The condensation process can be slowed by
diluting the ammonium hydroxide [55]. This can be achieved by maintaining equal solution
volumes of the ammonium hydroxide and the Ti-precursor solution while keeping total solvent
volume constant. The total solvent volume in the system remains constant during this modification
such that the concentrations of the ammonium hydroxide and Ti-precursor post-mixing are
unchanged. Further, our previous work has investigated the synthesis of nanomaterials using equal
reagent flowrates to limit the parameter space [32,50]. Future work will examine the effect of

unequal flows in the jet and main lines.

The effect of dilution of the ammonium hydroxide on the porosity is examined. The
original synthesis consists of the injection of ammonium hydroxide, Solution B (1 mL) into a
solution of Pd NPs and Ti(OBu)4 in ethanol, Solution A (40 mL). In the modified synthesis,
Solution B is diluted with ethanol while keeping the total ethanol volume in the system (40 mL)
unchanged to ensure the reagent concentrations after mixing are comparable to the original batch.
This is done by combining half of the ethanol volume (20 mL) with the ammonium hydroxide
(1 mL) to make Solution B. The other half of the volume of the ethanol is added to the Pd NPs and
TiOBus to make Solution A. The ethanol used to prepare Solution A is anhydrous to prevent

premature Ti(OBu)4 hydrolysis.
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Two Pd@TiO2 nanomaterials are synthesized in batch: a control material with neat
ammonium hydroxide injection (material Pd@TiO2-B-neat NH4OH) and the modified material
with diluted ammonium hydroxide injection (material Pd@TiO;-B-diluted NH4OH). The rate of
injection of Solution B into Solution A is maintained constant (1 mL/s) in the modified synthesis.

All other synthesis parameters including reagent quantities are also maintained constant.

The porosity of the two resultant materials is compared by analyzing them with nitrogen
physisorption. The pore size distributions obtained from the physisorption isotherms are shown in
Figure 3, and the isotherms are shown in Figure S4. It is observed from the isotherms that both
materials have micropores as indicated by the nitrogen uptake in the relative pressure (P/Po) region
less than 0.1. However, there is higher uptake in the relative pressure region associated with
mesopores and macropores (P/Po > 0.4) by the material synthesized with neat NH4OH injection
than in material synthesized with diluted injection. This is also depicted by the pore size
distribution curves that suggest a higher incremental pore volume for pores larger than 5 nm in the
sample synthesized with neat injection as compared to the sample synthesized with diluted
injection. The average fraction of microporosity calculated for the samples, listed in Table S1, is
twice for the sample with diluted NH4OH injection than for the sample with neat NH4OH injection.
This result supports the hypothesis that the injection of a small volume of NH4OH into a
significantly larger volume of Solution B results in uncontrolled hydrolysis of the titania precursor,
leading to large pores. It is important to note that the simultaneous increase in the Ti-precursor
concentration with ammonium hydroxide dilution may also affect sol-gel kinetics and hence the
material properties. Overall, this observation suggests that diluting the ammonium hydroxide

increases the fraction of microporosity in the synthesized Pd@TiO, material as compared with a

12



244  neat injection. Hence, dilution of the ammonium hydroxide in Solution B prior to injecting in

245  Solution A is incorporated into the standard batch synthesis.
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Fig 3 Nitrogen physisorption pore size distributions of Pd@TiO, nanomaterials synthesized using
different dilutions of the ammonium hydroxide in Solution B. The amount of ethanol used to dilute the
ammonium hydroxide is varied from 20 mL in material Pd@TiO,-B-diluted NH4OH (red line) to O mL
in material Pd@TiO,-B-neat NHsOH (blue line). The total amount of ethanol in each system is
maintained at 40 mL. All other synthesis parameters including reagent quantities and injection rates are
maintained the same in the two syntheses

246

247  2.4. Aging time of Ti precursor in solvent

248 Solution A is prepared by the addition of Ti(OBu)4 to a suspension of Pd NPs in ethanol.
249  However, the addition of Ti(OBu)s to ethanol can result in its alcoholysis by alkoxy group
250  exchange, because of the presence of ethoxy groups in the reaction medium [56]. This likely results
251  inthe formation of Ti(OBu)x(OEt)4x species in solution. In literature, the nature of the Ti precursor
252  species formed because of alcoholysis has been suggested to directly influence the rates of
253  hydrolysis and condensation of titania, influencing its properties [11,57]. The extent to which the

254  alcoholysis reaction sequence proceeds before hydrolysis occurs would depend on the aging time
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of Ti(OBu)s4 in ethanol, prior to the addition of the ammonium hydroxide. If the duration of contact
between the Ti(OBu)4 and ethanol has an effect on the material porosity, the jet-mixing system
will have to be designed such that the residence time between Ti(OBu)s addition and ammonium
hydroxide addition is controlled. This may require a modified jet-mixing geometry, with three
separate inlets for the Ti-precursor, Pd NP-containing ethanol, and the ammonium hydroxide.
Hence, the effect of the aging time of Ti(OBu)s in ethanol on the Pd@TiO, microporosity are

examined before designing the jet-mixing system.

Solution A and Solution B are prepared according to the standard batch synthesis
procedure. Two Pd@TiO> materials are synthesized in batch with different time intervals between
the formation of Solution A, and the addition of Solution B to Solution A. The time interval is
varied from 15 seconds (material Pd@TiO2-B-t(Ti-NH4OH)-15s) to 30 minutes (material

Pd@TiO»-B-t(Ti-NH4OH)-30min). All other synthesis parameters are maintained constant.

The products are isolated and analyzed with nitrogen physisorption to determine their
porosity. The pore size distributions obtained for the materials are plotted in Figure 4, and their
physisorption isotherms are shown in Figure S5. The isotherms and pore size distributions for both
materials overlap with each other, suggesting there is no difference in the porosity. The results for
both materials indicate the presence of micropores and small mesopores between 2-5 nm,
consistent with Pd@TiO> syntheses under similar conditions in literature [11]. The average
fraction of microporosity in the materials, listed in Table S2, is comparable for both materials.
This suggests that a Ti(OBu)4 aging time period in ethanol in the range of 15 seconds to 30 minutes
prior to ammonium hydroxide addition has no effect on the material porosity. Hence, a 30-minute
time period is arbitrarily chosen as the synthesis parameter for the standard batch synthesis. This

result does not require additional modifications of the jet-mixing reactor.
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Fig 4 Nitrogen physisorption pore size distributions of Pd@TiO, nanomaterials synthesized with
different aging times of Ti(OBu)4 in ethanol, prior to the addition of the the ammonium hydroxide. The
time interval is varied from 15 seconds in material Pd@TiO2-B-t(Ti-NH4OH)-15s (red line) to 30
minutes in material Pd@TiO-B-t(Ti-NH4OH)-30min (blue line). All other synthesis parameters
including reagent quantities and injection rates are maintained the same in the two syntheses.

2.5. Rate of injection of Ti precursor

An important consideration in the preparation of Solution A is the rate of addition of
Ti(OBu)4 to Pd NPs suspended in ethanol. The rate at which the ammonium hydroxide is added to
the Ti-precursor has been shown to affect the porosity in the resultant TiO» phase. [17,30]
However, the rate of injection of the Ti precursor into the Pd NPs suspension in ethanol has yet to
be investigated. As described in the previous section, addition of Ti(OBu)4 to EtOH results in
alcoholysis of the Ti precursor by the ethoxy groups to form Ti(OBu)x(OEt)sx species. An
uncontrolled injection of the Ti precursor into the ethanol may lead to uncontrolled rates of
alcoholysis of Ti(OBu)4 and finally affect the properties of the TiO> phase. The rate of addition
may also impact the nature of the interaction between the Ti-groups and the CTAB on the surface

of the Pd NPs. It is hence important to investigate the effect of the rate of injection of Ti precursor
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into the Pd NPs suspension while preparing Solution A. Two Pd@TiO> materials are synthesized
in batch with different rates of addition of Ti(OBu)4 into the suspended Pd NPs. One is synthesized
with an instantaneous rate of injection of Ti(OBu)4 (0.2 mL/s; material Pd@TiO,-B-Ti-0.2mL/s)
and another with a slow dropwise rate of injection (0.006 mL/s; material Pd@TiO.-B-Ti-
0.006mL/s). All other reagent concentrations, volumes and synthesis procedures are maintained
constant. The porosities and pore size distribution of the resultant materials are obtained through
nitrogen physisorption. The pore size distributions are plotted in Figure 5 and isotherms in Figure
S6. The plots for both materials overlap with each other, indicating that there is no difference in
the porosities of the materials synthesized. Both materials suggest the presence of micropores and
small mesopores in the 2-5 nm region, consistent with Pd@TiO> syntheses under similar
conditions in literature [11]. The values for average % microporosity that are listed in Table S3 in
the SI are comparable for both materials. This suggests that the rate of addition of Ti(OBu)4 to the
Pd NPs suspension does not have an effect on the porosity of the TiO, phase formed. Hence, an
arbitrary rate of Ti(OBu)4 injection of 0.2 mL/s is chosen as the synthesis parameter for standard

batch and JM syntheses.

16



305

306

307

308

309

310

311

312

313

314

315

16 =
— Pd@TiO,-B-Ti-0.2mL/s
uk — Pd@TiO,-B-Ti-0.006mL/s
2
0]
E 19
E
g 10}
=
©
- 8=
o
<}
2 s
8
c
o
3]
£ 2

']
E] 2
10

1 1
2 3 4 5 7

L L
6 8
Pore size (nm)

Fig 5 Nitrogen physisorption pore size distributions of Pd@TiO, nanomaterials synthesized using
different rates of injection of Ti(OBu)s to the Pd NPs suspension in the standard batch synthesis. The
rate of injection is varied from 0.2 mL/s in material Pd@TiO2-B-Ti-0.2mL/s (red line) to 0.006 mL/s
in material Pd@Ti0,-B-Ti-0.006mL/s (blue line). All reagent quantities and other procedures are
maintained the same in the two syntheses.

Overall, the results from these batch tests are used to synthesize a final batch of PdA@TiO>
to compare with the materials made using the jet-mixing reactor. As dilution of the ammonium
hydroxide reduces the mesoporosity in the material, all standard syntheses are done by diluting the
ammonium hydroxide with half the total solvent volume in the system. Further, since there is no
effect of the alcoholysis side-reaction between Ti(OBu)s and ethanol on the porosity, they are
mixed prior to the jet-mixing run, eliminating the need for a geometry with a separate inlet for the
Ti(OBu)4. The experimental parameters that are chosen to develop the standard batch synthesis
are listed in Table S4. The standard batch synthesis is then directly translated to develop the jet-

mixing process.

2.6. Standard batch and jet-mixing Pd@TiO: syntheses
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Pd@TiO: nanomaterials are synthesized at comparable reagent concentrations using batch
(material Pd@Ti0O;-B) and jet-mixing (material Pd@TiO,-JM), and their properties are compared.
In a mixing-limited system, the properties of the resultant material are expected to depend on the
mixing time as the base-catalyzed hydrolysis of the Ti(OBu)s is reported to be a fast process [33].
An estimate of the mixing time scale for the jet mixing reactor derived from our previous work
suggests that it is at least two orders of magnitude smaller than that for a batch process [32].
Whereas the properties of the materials produced using the jet-mixing reactor would be expected
to be equal to or better than the properties of materials made using a scaled-up batch process, the
microporosity obtained from both the batch and jet-mixing processes is expected to be comparable

since the batch method is performed at small scale.

Pd@TiO; nanomaterials synthesized by standard batch and jet-mixing processes are
analyzed by nitrogen physisorption, XRD, TEM and SEM-EDS. The pore size distributions
derived for the materials are plotted in Fig. 6 and their isotherms are shown in Figure S7. It is
observed in the isotherms that the uptake in the relative pressure region associated with micropores
(P/Po < 0.1) is similar in both materials. A slightly higher uptake is observed in the region
associated with mesopores and macropores (P/Po> 0.4) for the jet-mixing synthesized material as
compared to the batch-synthesized material. It is observed from the pore size distributions that a
higher incremental pore volume in the microporous region with pore size less than 2 nm is obtained
for the jet-mixing synthesized material as compared to the batch-synthesized material. However,
this is offset by the higher incremental pore volume in the pore size region greater than 5 nm,
showing the presence of greater mesopores, compared to the batch-synthesized material. These
results are consistent with our hypothesis that the reaction system is free of mass-transfer

limitations and results in a jet-mixing synthesized material that has properties comparable to the
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batch-synthesized material. Interestingly, it is found that scaling-up the batch synthesis method by
a factor of eight resulted in a material with reduced micropore volume (see supplemental

information).

The crystal structure of the resultant TiO; is analyzed by XRD and the diffraction spectra
of both materials are shown in Fig. S8. From the broad peaks obtained over the range of diffraction
angles from 20°-80°, it is concluded that amorphous titania is formed in both materials. This
observation is consistent with results for Pd@TiO, material obtained at similar synthesis
parameters in previous literature [11]. The samples are analyzed by TEM to check for Pd NP
encapsulation in the TiO2 phase. TEM images for the standard batch and jet-mixing synthesized
Pd@TiO, materials are shown in Figures 7a and 7b respectively. The presence of Pd NPs is
suggested by the dark-colored areas in the lighter-colored TiO> matrix. Both materials suggest a
similar nature of Pd NP encapsulation by TiO,. The samples are also analyzed by SEM-EDS to
find the loading of Pd in the material. It is seen that the loading for both materials is ~0.7-0.9% Pd
by weight. These results are supported by comparison with prior literature in which Pd@TiO-
materials are synthesized under similar conditions. These studies also report a Pd loading between
0.7-1% for materials synthesized in ethanol using water to initiate Ti(OBu)s hydrolysis [11,17].
Overall, these analyses suggest that the Pd@TiO2 materials synthesized in batch and jet-mixing
are comparable in their properties. Hence, a scalable process has been developed for continuous

Pd@TiO: synthesis while retaining the material quality obtained in a lab-scale batch.
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Fig 6 Nitrogen physisorption pore size distributions of Pd@TiO, nanomaterials synthesized using
standard batch (material Pd@TiO.-B) and standard jet-mixing (material Pd@TiO,-JM) synthesis. The
main line and jet line flowrate are maintained at 48 mL/h for the jet-mixing synthesis. All reagent
quantities and concentrations are maintained the same in the two syntheses.

358
d
@,
@
-

Fig 7 TEM images of Pd@TiO, nanomaterials synthesized by: (a) standard batch and (b) standard jet-

mixing at a flow rate of 48 mL/h in the main and jet lines. The areas circled in yellow highlight some of

the Pd NPs visible in the TiO, matrix. Both syntheses are done at comparable reagent concentrations.
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360 2.7. Effect of jet-mixing flowrate
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Flexibility of operation over a range of flowrates is an attractive feature of a continuous
process. The flowrate in the jet-mixing reactor is varied to investigate its effect on the
microporosity of Pd@TiOz. Specifically, the rate of mixing in the system is expected to increase
with an increase in flowrate, leading to fast hydrolysis of the titanium precursor and high
microporosity. The total flowrate in the reactor is varied while maintaining equal flowrates in the
main and jet lines. Three Pd@TiO: materials are synthesized by setting the flowrate in each line
to 12 mL/h (material Pd@Ti02-JM-12 mL/h), 48 mL/h (material Pd@Ti0,-JM-48 mL/h), and
200 mL/h (material Pd@TiO2-JM-200 mL/h). The reagent concentrations for all syntheses are
comparable to the batch-synthesized material. The materials are isolated and analyzed by nitrogen
physisorption to obtain their microporosity. The pore distributions for the materials derived from
the isotherms are shown in Figure 8, and the isotherms are shown in Figure S9. It is observed from
the isotherms that the nitrogen uptake in the microporous region (P/Po <0.1) increases with an
increase in flowrate. This is corroborated by an increase in incremental pore volume in the
micropore region (<2 nm) with increasing flowrate. The micropore volumes obtained for the
materials are shown in Table S5. The micropore volume for the sample synthesized at 12 mL/h is
zero, suggesting the absence of micropores. The uptake in the mesopore region with pore size
greater than 5 nm also increases with an increase in flowrate. These combined observations
combined suggest that the microporosity obtained for the materials synthesized at 48 mL/h and

200 mL/h may be comparable. These materials are hence further selected for catalytic testing.
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Fig 8 Nitrogen physisorption pore size distributions of Pd@TiO, nanomaterials synthesized at different
jet-mixing flowrates. The flowrate in the main line is varied from 12 mL/h (material Pd@TiO,-JM-
12 mL/h) to 48 mL/h (material Pd@TiO,-JM-48 mL/h) to 200 mL/h (material Pd@TiO,-JM-200 mL/h).
The flowrate in the jet line is maintained equal to that in the main line. Reagent concentrations for all
synthesis are comparable to the standard batch synthesis.

2.8. Catalytic testing for HDO of benzyl alcohol

The Pd@TiO2 nanomaterials synthesized via standard batch and at jet-mixing flowrates of
48 mL/h and 200 mL/h are tested for the hydrodeoxygenation (HDO) of benzyl alcohol. HDO of
benzyl alcohol can produce either the desired product toluene via the hydrodeoxygenation pathway
or the undesired product benzene via the decarbonylation pathway. The reaction scheme is shown
in Scheme 1. Previous literature has studied the activity of Pd@TiO: catalysts for the HDO of
aromatics in which hydrogenation is an unfavorable potential pathway, [11,17] finding that the
extent of microporosity of the titania framework in the catalyst determines the dominant reaction
pathway. As the characterization data of the batch and jet-mixing synthesized Pd@TiO> indicate

a comparable density of micropores in both materials, it is expected that both materials will exhibit
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similar selectivity towards HDO, which would be a higher selectivity towards toluene as compared

to benzene.

The selectivity and activity for all materials are compared after 2 hours of time on-stream.
For this work, the conversion for each run is controlled at approximately 3.5%. EDS indicated that
samples made using the methods in this work contained a Pd loading of 0.76%. Using this loading,
the mass of catalyst used, reactant flowrate, and product yields, the normalized rate of production
for toluene and benzene was calculated. Figure 9 depicts these rates of production for the catalysts
used in the current work, as well as a comparison to previous work. As could be expected, the
catalyst produced using the batch method in this work could achieve a high selectivity to the HDO
reaction product toluene. Indeed, there is no detection of the decarbonylation product benzene.
From the GC detection limit for benzene at the conversions used, the minimum selectivity for
toluene is calculated as 99.3%. The increased HDO performance has been attributed to maximizing
interfacial contact between metal and metal oxide sites and restricting the accessible conformations
of benzyl alcohol on the surface, as reported in the previous work [17]. In addition to toluene, it
is found that a portion of the benzyl alcohol is converted to benzaldehyde, which is in equilibrium
with benzyl alcohol. These results are similar, within experimental uncertainty, to the materials
produced with batch methods where water was added instantaneously (i.e., PdA@TiO2-WI) reported
in the previous work [11,17] and better in terms of selectivity than materials made through
dropwise addition of the water (Pd@Ti0,-WD), which had an HDO selectivity of 84% both of
which were reported in previous work [11,17]. The similar HDO performance between catalysts
in this work and catalysts from prior work demonstrate that the quality of catalyst is not
compromised under the improved synthesis procedures. All catalysts synthesized yielded better

HDO performance compared to an unmodified Pd/TiO; catalyst prepared via incipient wetness
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impregnation (Pd/TiO2-IWI), which gave a lower rate of toluene production and toluene selectivity

of only ~50%.

Figure 9 also depicts the conversion and production rate values for materials made using
the JMR at flow rates of 48 mL/h and 200 mL/h. At similar values of benzyl alcohol conversion
(~3.5%), the selectivity values for materials made using the JMR are similar to the values for
materials made using batch methods. Overall, these results indicate that the Pd@TiO:
nanocatalysts synthesized via continuous jet-mixing are highly selective towards the benzyl
alcohol HDO product (i.e., selectivity for toluene >99.3%). This demonstrates that the desired
inverted structure can be achieved using a continuous process. Additionally, the desired Pd@TiO»
materials can be achieved over a range of flow rates. These results will be used as a basis for future
experiments that will integrate the high temperature production of palladium nanoparticles with
the shell process demonstrated in this work. The high flow rate results will be beneficial as
upstream processes combining precursors (i.e., Pd and Ti) will result in a high overall flow rate.
These results indicate that the JM reactor is capable of handling the broad range of potential

conditions.

gOH Hydrodeoxygenation (HDO) ©/

Benzyl alcohol Der, Toluene
p )/drogenaﬁOn
Yaro,
9enation ©/§O Decarbonylation ©

Benzaldehyde Benzene

Scheme 1. Reaction scheme for benzyl alcohol hydrodeoxygenation (HDO). The desired reaction
pathway yields toluene whereas the undesirable decarbonylation pathway involves an equilibrium
between benzyl alcohol and benzaldehyde that can produce benzene.
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Fig 9 Comparison of the normalized production rates obtained for Pd@TiO> materials synthesized in this
work using batch and jet-mixing (Pd@TiO.-JM-200mL/h, Pd@TiO,-JM-48mL/h, Pd@TiO,-B), materials
prepared via batch methods in prior work (Pd@TiO,-WI, Pd@TiO,-WD) [11, 17], and Pd/TiO, prepared
via incipient wetness impregnation (Pd/TiO,-IWI). For this work, the reactor is operated to achieve a
conversion of ~3.5%. The two jet-mixing synthesized materials tested are synthesized using flowrates of
48 mL/h and 200 mL/h respectively. Error bars represent s.d. of triplicate runs.

3. Summary

Pd@TiO: inverted nanocatalysts are synthesized in flow using a jet-mixing reactor.
Whereas the process identified previously could not be directly translated to a continuous process,
a series of batch experiments provided the necessary insights to create a continuous process.
Importantly, the jet-mixing reactor is modified to include a collection flask that can be maintained
under air-free conditions and the ammonia precursor is diluted with ethanol to slow the rate of
titanium precursor hydrolysis, which limited reactor clogging and created the desired

microporosity. It is observed that these materials produced using the jet-mixing reactor have a
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microporosity comparable to their batch-synthesized counterpart. The catalytic activity of the
materials for the hydrodeoxygenation (HDO) of benzyl alcohol is tested. It is observed that the
material has a comparable selectivity for HDO products than its batch-synthesized counterpart.
Overall, it is demonstrated that jet-mixing is a scalable technique to produce Pd@TiO: inverted
nanocatalysts in a continuous manner while maintaining properties obtained in a lab-scale batch

reactor.

4. Experimental Methods

4.1.Chemicals

All chemicals are used as received without further purification, including: Palladium acetyl
acetonate (Pd(acac), 99%, Sigma Aldrich), oleylamine (OA, technical grade, 70%, Sigma
Aldrich), trioctylphosphine (TOP, 97%, Sigma Aldrich), titanium (IV) butoxide (Ti(OBu)4, reagent
grade, 97%), ammonium hydroxide aqueous solution (28-30% by weight ammonia basis), ethanol
(200 Proof, Decon Laboratories), anhydrous ethanol (99.5% anhydrous, 200 Proof, ACROS
organics), chloroform (>99.7%, glass distilled, Electron Microscopy Sciences), hexanes (ACS
grade, >98.5%, BDH Chemicals), cetyltrimethylammonium bromide (CTAB, 99%, VWR

chemicals). The anhydrous ethanol, TOP, and Ti(OBu)s are stored under nitrogen in the glovebox.

4.2.Reactor Design

The jet-mixing reactor geometry has been adapted from a reactor used for gas phase
synthesis [49] and has been previously used to demonstrate successful ZIF-8 and Ag NP synthesis
in the liquid phase by our group [32,50]. The reactor is manufactured in-house from a thermally
and chemically resistant polyether ether ketone (PEEK) cube (1” x 1” x 17). The cube has two

cylindrical flow channels that intersect perpendicularly in the center. One flow channel is called
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the main line and has a diameter (d,;,4i) 0f 0.04 inch (~1000 um) through the entire length of the
cube. The other flow channel consists of a jet line with a diameter (d ;) of 0.02 inch (~500 pm).
The jet line is constructed such that two opposite-facing jets perpendicularly impinge the main
line. Although the jets impinge from opposite sides of the main line, the jet-mixing reactor is
manufactured by drilling both jet lines from one side of the cube for alignment purposes. The
channels are threaded at the ends for connecting clear polytetrafluoroethylene (PTFE, ID 0.03”)
tubing using microfluidic PEEK fittings of appropriate size. The reactants are pumped using two
KD Scientific 100KD syringe pumps through the tubing. The jet line from the syringe pump is
split into two lines, each of which connects to one of the jets. The combined jet lines and main line

flows comprise the product solution that flows out of the reactor collinear to the main line.
4.3.Batch synthesis of Pd NPs

Batch methods are used to produce the Pd NPs that will form the metal center of the
catalyst. The procedure used has been modified from previous syntheses [11,58]. Pd(acac) is used
as the palladium source along with OA acting as both the solvent and the reducing agent and TOP
as the capping ligand. The molar quantities of the reagents used have been specified in Table S1.
OA (9 mL) is used to dissolve Pd(acac) (0.099 g) in a 25 mL 2-neck round bottom flask with a
0.4” hexagonal Teflon stir bar. The solvent is degassed for an hour and the system purged with
nitrogen to yield an air-free atmosphere prior to the addition of TOP (0.06 mL), as TOP readily
oxidizes to trioctylphosphine oxide in the presence of oxygen. The temperature of the system is
maintained at 220°C using a heating mantle and a temperature controller. This temperature is
selected based on optimum particle size of Pd NPs for hydroisomerization reactions and to prevent
TOP degradation [11]. Once air-free conditions and a stable temperature are obtained, the TOP is

injected rapidly into the flask. Stirring is maintained at 200 RPM and the system is held at 220°C
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for an hour. The black particles obtained are separated by adding 25 mL reagent alcohol and
centrifuging at 9000 RPM for 30 minutes. The particles are washed thrice before being rotovaped

to dryness.

4.4.Standard batch synthesis of Pd@TiO:

The batch-synthesized Pd NPs are coated with TiO2 post characterization in a seeded
growth synthesis by adapting a previously reported sol-gel synthesis [11]. First, the Pd NPs are
capped by a hydrophilic surfactant CTAB to disperse them in ethanol. In a 50 mL two-neck round
bottom flask, CTAB (0.088 g) is added, and the headspace purged with nitrogen for an hour to
develop an air-free atmosphere. It is then dissolved in anhydrous ethanol (20 mL). The Pd NPs
(7.6 mg) are dispersed in chloroform (2.98 g) and sonicated for fifteen minutes. This suspension
is then added dropwise to the ethanol and CTAB mixture over four minutes. The system is stirred
at 800 RPM and heated to 45°C for eight minutes to coat the TOP-capped Pd NPs with a layer of
CTAB while evaporating chloroform. After cooling for 30 minutes, Ti(OBu)4 (2 mL) is injected
to form a mixture (Solution A) while stirring is maintained. Separately, ammonium hydroxide
(1 mL) is mixed with ethanol (200 proof, 20 mL) to form Solution B. While stirring at 800 RPM,
Solution B is rapidly injected into Solution A in a controlled manner within seven seconds. The
step-wise schematic of the batch synthesis is shown in Figure 10a. The mixture is collected fifteen
minutes post injection of Solution B and centrifuged at 9000 RPM for 10 minutes. The particles
obtained are washed thrice using 20 mL of a volumetric mixture of 1:1 methanol and water before

drying for 24 hours at 80°C.
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Fig 10a Schematic showing the step-wise procedure of the standard batch synthesis of Pd@TiO- starting
from the addition of Pd NPs to the CTAB solution to the formation of Pd@TiO». The addition of NH4OH
to Ti(OBu)s is required to be fast for high microporosity. 10b Schematic showing the design and set-up
of the jet-mixing reactor for air-free synthesis of Pd@TiO,. The main line (d,4i = 0.04") and the jet
line (dje; = 0.02") carry Solutions A and B, respectively. The jets impinge perpendicularly on the main

line to give the product stream. Solution A carries the Pd NPs with Ti(OBu)s while Solution B carries
NH4OH. The entire assembly is under air-free conditions because of the constant nitrogen purge through
the septum attached to the collection flask. The Pd@TiO, is collected in the air-free collection flask
downstream

4.5. Standard jet-mixing synthesis of Pd@TiO:

Jet-mixing synthesized Pd@Ti0O2 nanomaterials are prepared at concentrations of reagents
comparable to the batch-synthesized counterpart. Solution A and Solution B are prepared in the
same manner as for the batch synthesis and are filled into 60 mL BD Luer-Lok syringes. Before
drawing out Solution A, the syringe is initially filled with nitrogen. It is important to ensure the
jet-mixing assembly is under air-free conditions to prevent premature hydrolysis of the Ti
precursor and to ensure the titania is deposited selectively around the Pd NPs. The JM assembly is
modified to account for this, and a schematic of the design and set-up is shown in Figure 10b. The
outlet tubing of the reactor is connected to the round-bottom flask in which the product is collected
in an air-free manner. Initially, the syringe adapters are connected to the main and jet line tubing
without connecting the reactant syringes. This entire assembly is purged with nitrogen before

starting the jet-mixing experiment. This is done by initially passing a nitrogen purge Schlenk line
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through the rubber septum and allowing the nitrogen to exit the jet-mixing system through the
syringe adapters. In this manner, purging is done for 1.5 hours before the run. While the system is
still being purged, the Solution A-containing syringe is connected to the main line and the Solution
B-containing syringe to the jet line. Both syringe pumps are set to a flowrate of 48 mL/h, as we
have previously used these flowrates for synthesis of Ag and ZIF-8 NPs [32,53]. The product
Pd@TiO: is collected until the solutions are consumed. After collection, the Pd@TiO; mixture is
immediately washed thrice using 20 mL of a volumetric mixture of 1:1 methanol and water before

drying for 24 hours at 80°C.
4.6.Material Characterization

After drying, the Pd NPs are characterized via X-Ray Diffraction (XRD), Transmission
Electron Microscopy (TEM), Fourier-transform Infrared Spectroscopy Attenuated Total
Reflection (FTIR-ATR), and Scanning electron microscopy — energy dispersive X-ray
spectroscopy (SEM-EDS). A Bruker D8 Advance X-ray powder diffractometer is used for XRD
measurement. The diffraction spectra are collected using monochromatic Cu Kal radiation (A =
1.54 A) at 40 kV and 40 mA in Johannson mode. Pd NP samples are prepared by dissolving the
dried NPs in ethanol and depositing a thin layer on the sample holder. Pd@TiO, samples are
packed into the sample holder while ensuring the surface of the material remains flat. TEM has
been used to characterize Pd NP size. For TEM, an FEI Tecnai G2 Spirit TEM at a voltage of 80
kV and magnification of either 1170,000x or 115,000x in bright-field mode has been used. FTIR-
ATR and SEM-EDS have been used to check the binding of capping agents on the Pd NP surface.
FTIR-ATR is performed using a Nicolet iS50 spectrophotometer. SEM-EDS has been performed

using a ThermoFisher Apreo LoVac field emission SEM operating at 20 kV and spectroscopy data
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is collected with an EDAX Octane Elect Plus 30 mm? EDS detector. EDAX TEAM software is

used for analysis.

The Pd@TiO; nanomaterial is characterized via nitrogen physisorption, XRD, TEM, and
SEM-EDS. Nitrogen physisorption is performed using a Micromeritics 3-Flex Surface
Characterization analyzer to obtain adsorption isotherms from which pore size distributions and
microporosity data of the Pd@TiO: materials can be extracted. Before analysis, samples are
degassed for 24 hours at 80°C and for an additional 4 hours in situ before analysis. Pore size
distributions are obtained by a built-in DFT method based on oxide surfaces with cylindrical pores.
The structure of the material is determined via XRD, using the same instrument specifications as
for Pd NP characterization. The amount of Pd encapsulated in the material is found via SEM-EDS
using the same instrument set-up as for the Pd NP samples. Confirmation of the Pd NP
encapsulation via TEM is also performed on some samples. Additional sample preparation details

are provided in the supplementary information in Sections S1 and S2.

4.7.Catalytic testing

The synthesized materials are evaluated for HDO of benzyl alcohol in a tubular packed bed
flow reactor at 190°C and atmospheric pressure. Helium is bubbled through the liquid reactant
(benzyl alcohol) heated in a water bath maintained at 53.1°C. This stream is mixed with H> and
additional make-up helium prior to reaching the catalyst bed. The resulting stream has gas-phase
mole fractions of Yuz2 = 25% and Ybenzyl alcohol = 0.053% with a total flowrate of 75 sccm. The mass
of catalyst is controlled to obtain a conversion of 3.5% = 0.5% with the data taken at 120 min on-
stream. The reactor effluent is analyzed using an Agilent 7890A Gas Chromatograph equipped
with an Agilent HP-5 capillary column and a flame ionization detector. The normalized rate of

production is calculated by multiplying the product yield by the molar flowrate of benzyl alcohol
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divided by the effective mass of Pd in the catalyst sample. To determine the selectivity

performance of the catalysts, we monitored the selectivity (S) for toluene over benzene, i.e.

S =Zol / (Ztol + Zbenz)-

Here, Zio1 and Zpen, correspond to the yields of toluene and benzene, respectively. The side product
benzaldehyde is not included in the selectivity calculation because prior work [59] has shown that
benzaldehyde formation is reversible under the reaction conditions, and therefore benzaldehyde
yield approaches zero as the reaction approaches full conversion of benzyl alcohol. In contrast,

formation of the other products is essentially irreversible under the reaction conditions.

4.8.Naming convention

All Pd@TiOz samples have been labeled as Pd@TiO2-X-parameter tested, where ‘X’ refers
to the method of synthesis (X = ‘B’ is batch, X = ‘JM’ is jet-mixing). The text after ‘X’ refers to
the parameter that is varied, if any, while performing the synthesis while holding all other
parameters constant and consistent with the standard batch and/or jet-mixing synthesis procedure.
A summary of all the materials synthesized in this work along with their synthesis conditions is

provided in Table S6.
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