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ABSTRACT

Pt-Re bimetallic catalysts have many applications, ranging from catalytic reforming to the
reduction of carboxylic acid derivatives. However, the exact role of Re in these systems has
remained a matter of discussion, partly due to the plethora of suggested synthesis protocols and
analysis conditions. This study presents an extensive comparison of such literature protocols and
the resulting materials. In detail, characterization by N> physisorption, XRD, TPR, CO pulse
chemisorption, CO-FTIR, STEM-EDX and in-situ XPS is combined with catalytic testing to
yield synthesis-structure-activity correlations. Accordingly, the investigated catalysts share
common features, such as Pt® nanoparticles (1-4 nm) decorated with partially reduced Re species
(ReOx.y). Remaining rhenium oxide is spread over the TiO> support and enhances Pt dispersion
in sequential impregnation protocols. While differences in the number of active sites (Pt/ReOx.y)
mostly explain catalytic results, small variations in the extent of Re reduction and site
composition cause additional modulations. The optimal bimetallic catalyst outperforms Ru/C
(previous benchmark) in the reduction of N-(2-hydroxyethyl)succinimide, an important step in

the production of a bio-based polyvinylpyrrolidone polymer.
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1. Introduction

Pt-Re bimetallic catalysts have attracted substantial research attention for several decades,
initially due to their application in catalytic reforming processes.!!! In this context, it has been
noted that the choice of preparation procedure largely impacts on the catalytic properties of the
final material. For example, Re deposition onto a parent Pt-catalyst by way of surface redox
reactions (catalytic reduction = CR) has yielded superior reforming catalysts as compared to
simple co-impregnation, which was ascribed to the proximity of Pt and Re species.!”) Moreover,
Pt-Re interactions, which are indirectly evident from the enhanced reduction of Re in bimetallic

341 were significantly affected by temperature treatments during catalyst synthesis.!

catalysts,
Due to these variabilities, the detailed function and even the oxidation state of Re in reforming

catalysts have remained a matter of much discussion.*) The complex redox chemistry of

Pt-Re, which includes the potential for alloy formation, has been another factor in this regard.”""!

More recently, heterogeneous Pt-Re catalysts have been suggested in the long-standing issue of
reducing carboxylic acids and their derivates; a task that is conventionally associated with
stoichiometric reagents (e.g. LiAlH4) or copper chromite catalysts in harsh conditions (up to

el!"13] has employed incipient

300 bar and 400 °C).1'*!'!) For example, a group around Hardacr
wetness impregnation of Pt and Re on TiO; to obtain catalysts for the reduction of N-methyl-
2-pyrrolidone in hexane (typically 120 °C, 20 bar). While the sequence of impregnation was of
limited importance for catalyst activity, close interaction of both metals on the final catalyst was
deemed essential. This was rationalized by DFT studies, showing C=0O bond fission and
subsequent hydrogenation of the resulting ad-species at the kink of a rhenium oxide top layer

positioned on metallic platinum.!'?! The metal oxidation states and Pt-Re electronic interactions

were, however, not subject of experimental investigation. Other authors!'¥l have highlighted the



importance of the Pt-Re impregnation sequence in the preparation of Pt-Re/TiO2 and Pt-Re/C
above other factors. The respective synthesis consists of an initial deposition of NH4ReO4
followed by thermal decomposition and Pt impregnation. Consequently, a thin layer of rhenium
oxides (ReOx) covers the TiO> surface, thus causing reduced Pt particle size and good Pt-Re
interaction. Centers of Pt and ReOx may then allow for heterolytic H> dissociation, with the
ensuing attack of Pt-bound hydrides on the carbonyl function of the substrate acid (hexanoic acid

in dodecane, 130 °C, 50 bar H»).

The DFT calculations of Burch et al.l'?! suggest the bifunctional nature of Pt-Re/TiO» by
assigning different roles to Re (C=O activation) and Pt (hydrogen activation). This seems to
align with work by the group of Shimizu!'3!'"! on metal/Lewis acid bifunctional catalysts. These
authors showed that Lewis acidic supports, first and foremost MoOx/TiO> and Nb2Os, can
enhance amide reduction over Pt via polarization of the otherwise unreactive C=0 bond.[!"]
However, ReOx/Ti0: is not listed as promising Lewis acidic support and the same authors have
shown that Re-loaded TiO: is a suitable catalyst for the reduction of carboxylic acid derivatives,
even in the absence of Pt.' 1”1 The active state of the catalyst was narrowed down to a
low-valent Re species (ON(Re) <4), which can be achieved by H»-treatment and subsequent
handling in inert atmosphere. Consequently, Pt in Pt-Re/TiO> might act as an “initiator” that
allows for the reduction of Re into an active state in catalysts less carefully treated. While it is
now clear that the process of understanding Pt-Re catalysts is still ongoing, it should also be

[15, 20]

noted that very few systems can compete in the hydrogenation of carboxylic acid

derivatives.
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Figure 1. Value chain from biomass to polyvinylpyrrolidone (PVP) polymers with numerous
applications. Catalysts for the decisive step of amidation-hydrogenation are subject of this

article.

Our group has recently proposed a two-step value chain from succinic acid to N-vinyl-
2-pyrrolidone, a valuable monomer (Figure 1).2! 221 Improvements of the latter largely depend
on finding a more active and selective catalyst for the reductive conversion of succinic acid and
monoethanolamine into N-(2-hydroxyethyl)-2-pyrrolidone. While monometallic Pt catalysts
were shown to be far inferior to the state-of-the-art Ru catalyst, Pt-Re/Ti02 has significant
potential. This contribution summarizes our efforts of finding and understanding an optimized
Pt-Re catalyst for said hydrogenation, which is notably conducted in concentrated aqueous
solution as opposed to most literature examples (0.33 mol L! octane,!'®1 0.17 mol L hexane, !
0.4 mol L'! dodecane!'*). Consequently, the catalytic properties and structural features of
Pt-Re/Ti10> catalysts synthesized through several adapted literature procedures are presented.
Comparing catalysts from co-impregnationt'?! (CI), catalytic reduction” (CR), rhenium layer
deposition'*! (LD) and strong electrostatic adsorption*! (SEA) under otherwise identical
conditions finally sheds light on the exact differences and similarities in outcome of these
approaches. Moreover, the available active site hypotheses for Pt-Re hydrogenation catalysts are
discussed based on results from N physisorption, XRD, TPR, CO pulse chemisorption, CO-

FTIR, STEM-EDX and in-situ XPS.



2. Experimental

2.1. Materials and Chemicals

N-(2-hydroxyethyl)-2-pyrrolidone (98 %), succinic acid (=99 %), monoethanolamine (ACS
reagent, >99 %), 2-MTHF (>99 % anhydrous), 1,2-dimethoxyethane (>99.5 % anhydrous),
NaNO; (ACS reagent, >99 %) and NaOH (EMSURE®, >99 %) were sourced from Sigma
Aldrich. Ethanol (absolute, 99.9 %), MTBE (99.8 %), HCI (p.a., 37 wt.%), HNOs (p.a., 65 wt.%)
and boric acid (>99.8 %) were obtained from ChemSolute. HF (39.5 wt.%) was obtained from
Carlo Erba. All these chemicals were used as obtained and without further purification. In
contrast, N-(2-hydroxyethyl)succinimide (abcr, >95 %) was dissolved in an MTBE/ethanol
mixture (10/1, 55 °C reflux). The clear, hot solution was decanted and N-(2-hydroxyethyl)-
succinimide was crystallized in a clean flask. The purified material (colorless needles) was

obtained and used after washing with cold MTBE/n-pentane and thorough drying.

Commercial Ru/C and Pt/C reference catalysts (5 wt.% nominal loading) were obtained from
Sigma Aldrich. They were tested after drying and reduction according to previously established
procedures.?! In contrast, TiO> supported materials were synthesized using Pt(NH3)4(NO3)2
(Sigma Aldrich, >50 wt.% Pt) and NH4ReO4 (ChemPur, >99.5 %) as metal precursors. The
support material, anatase TiO> (ST6*120), was generously provided by Saint-Gobain NorPro.

The shaped extrudates were ground and sieved (<180 um) prior to use.

2.2. Catalyst Preparation

Monometallic reference materials (5 wt.% nominal metal loading) were synthesized by wet

impregnation (WI) and are denominated as Pt/TiO, (WI) and Re/TiO, (WI). In a typical



procedure, 209 mg of Pt(NH3)4(NO3), were dissolved in 40 mL of deionized water.
Subsequently, 2.0 g of pre-dried TiO> were slowly added, while the resulting suspension was
stirred continuously. The impregnation proceeded at room temperature for 3 h. Next, the solvent
was evaporated in reduced pressure and subsequent drying yielded a white powder. Thermal
decomposition of the metal precursors took place in a tubular furnace at 500 °C for 3 h
(2 K min!, N, flow). Successive reduction at 350 °C for 3 h (5 K min™!, H, flow) led to the final

catalyst.

Pt-Re/TiO> materials (5 wt.% Pt nominal) were synthesized by several adapted literature
procedures. Wet co-impregnation (CI) constitutes the most straightforward case and generally
follows the procedure for WI materials stated above. However, both metal precursors were

jointly dissolved, which led to an apparent reduction of solubility at high Re contents.

The catalytic reduction (CR) approach is based on the deposition of Re on a Pt/TiO, (WI)
parent catalyst by surface redox reactions. The following procedure is an adapted version of a
previously published technique:?! 45 mL of 0.05 M HNOs were added to a round-bottom flask
and degassed by two successive freeze-pump-thaw cycles. Subsequently, 1.5 g of pre-dried
Pt/TiO, (WI) was added in Ar counter current. The resulting suspension was stirred for 1 h while
constantly bubbling Ar gas. This continued for another 2 h after switching to a flow of pure H».
Meanwhile, 240 mg of NH4ReO4 were dissolved in 90 mL of the 0.05 M HNOj solution, using a
separate round-bottom flask. The precursor solution was degassed following the above-
mentioned procedure and then stirred for 2 h with constant Ar bubbling. Subsequently, the
pre-treated precursor solution was transferred to the support suspension using a Teflon cannula.
Hydrogen bubbling through the suspension continued for another hour before the flask was

purged with inert atmosphere and opened. Solids were obtained after filtration, washing (200 mL



of deionized water) and drying (60 °C, 12 h). The final catalyst was directly reduced at 350 °C

(3 h, 5 K min™) as is suggested by the original source.

Strong electrostatic adsorption (SEA) is limited to suitable combinations of supports, metal
precursors and impregnation conditions.[**! For example, preparatory experiments showed that
Pt(NH3)4(NOs)> can develop a strong electrostatic interaction with the TiO» support (PZC = 5.3)
in basic solution (Figure S1 and S2). Thus, 209 mg of Pt(NH3)4(NO3)2 were dissolved in NaOH
solution (150 mL, pH = 12). Next, 2.0 g of pre-dried TiO, were slowly added and the suspension
continued to stir for 1 h. The solids were obtained after filtration, washing (NaOH solution) and
drying (60 °C, 12 h). Precursor decomposition and reduction followed the procedure specified
for wet impregnation and yielded Pt/TiO> (SEA). In the absence of a suitable, negatively charged

rhenium complex, Re (5 wt.% nominal) was introduced in a sequential wet impregnation step.

The deposition of thin Re layers (LD) has also been discussed in literature.!'¥ For a respective
preparation, 2.0 g of TiO> were impregnated with NH4ReO4 (10 wt.% Re nominal) according to
the wet impregnation procedure. This was followed by precursor decomposition in inert
atmosphere (N2 flow) as detailed in literature (10 K min™, 350 °C, 30 min). The resulting
Re/Ti0; (LD) material was then used in the sequential wet impregnation of Pt (5 wt.% nominal).
After the usual drying procedures, direct reduction took place in a tubular furnace at 350 °C

(5 Kmin™, 3 h, H; flow).

All bimetallic materials are denominated as Pt-Re/TiO2 (x), where the abbreviation in brackets
indicates the chosen preparative approach. The investigation of Pt-Re/TiO> (CR), Pt-Re/Ti0:
(SEA) and Pt-Re/Ti0; (LD) is limited to one material each and respective rhenium loadings are

defined by the given procedures (see also Table 1). In contrast, several co-impregnation catalysts



(Pt-(y)Re/TiO2 (CI)) were synthesized for an exemplary investigation on the impact of the
nominal rhenium loading (y) on catalytic performance. Further characterization was limited to
the best-performer of this series (y =5 wt.%, Re:Pt =1.25), which is referenced as Pt-Re/TiO2
(CI) for brevity. All materials were stored in Argon atmosphere. However, no special techniques

were employed to avoid air contact directly prior to catalytic testing (e.g., weighing).

Table 1: Physical properties of Pt-Re/Ti0> (x) catalysts and reference materials.

w(Pt) w(Pt) w(Re) w(Re) Re:Pt SSAper© Vooe
Name nom.? exp.p nom.? exp.? ‘ 1 - pml

[Wt.%] [wt.%] [Wt.%] [Wt.%] [mol mol”] [(m°g”]  [mlg]
TiO; (anatase) - - - - - 162 0.40
PYTIO, (WI) 5 3.96 0 - ; 120 0.30
PU/TiO; (SEA) <5 2.40 0 ; ; 83 033
Re/TiO2 (WI) 0 ; 5 4.62 ; 134 035
Re/TiO; (LD) 0 ; 10 10.4 ; 124 032
fé‘%e/ TiO; 5 442 ] 0.68 0.16 120 033
Pt-Re/TiO; (CI) 5 425 5 5.06 1.25 114 031
?St?:;T‘OZ <5 243 5 5.00 2.16 85 028
f{ge/ TiO; 5 3.92 10 10.1 2.70 121 0.31
spent Pt- ) )
o/ TiOn (LD)' <5 3.94 <10 8.14 2.16

® nominal loading; ® determined by ICP-OES after chemical digestion; © determined from N, physisorption
isotherms; ¢ after 5 use cycles (batch), Figure 4.

2.3. Catalytic Test Experiments

Batch experiments were conducted in 50 mL stainless steel autoclaves with glass inlays to
protect against corrosion.?!! Typically, 37.5mg of catalyst were added to 1.82g of
N-(2-hydroxyethyl)succinimid and 1.96 g of deionized water. The sealed autoclave was then

purged three times with H», before raising the pressure to 150 bar. Subsequently, the reaction



proceeded for 6 h (150 °C, 750 rpm) before the autoclave was quenched in ice. The vessel was
depressurized and opened. Next, solids were removed by filtration (polyamide syringe filter) and
the clear liquid was analyzed by HPLC (Organic Acid Resin column, Chromatography Services)
using a refractive index detector. In the case of recycle experiments, the reaction suspension was
filtered through a polycarbonate membrane and the filter cake was washed with 60 mL of
deionized water. The catalyst was reused after drying (vacuum, 60 °C) without additional heat
treatments, such as reduction. Moreover, the batch size of recycle experiments was adjusted to

50 mg of catalyst to allow for easier handling and reduced relative losses in catalyst mass.

Tests in continuous operation were performed on a dedicated Parr autoclave setup (Hastelloy)
equipped with a gas aspiration stirrer (1200 rpm). For a typical experiment, the autoclave was
loaded with 2.0 g of catalyst powder, sealed, and purged with argon. Subsequently, hydrogen
(70 bar, 200 mL min'') was admitted, and the temperature was slowly ramped to 200 °C. The
liquid-providing HPLC pump was started (0.5 ml min™') at the beginning of the heating period,
thus slowly filling the available liquid volume (= 60 mL). Surplus solution led to an output flow
through a retaining frit, which was sampled for HPLC analysis (see batch experiments). Integral
input and output flow rates were in good agreement. As opposed to batch experiments, the CSTR
was operated with a stock solution of succinic acid (333 g, ca. 17 wt.% or 1.6 mol L"),
monoethanolamine (173 g) and deionized water (1494 g). Due to the focus on hydrogenation
activity (as opposed to e.g. amide formation) in CSTR and batch experiments, the following
definitions are implemented (1-6). Productivities and TOFs in batch experiments are based on

conversion levels below 40 %.

X=1— Z i=not reducedi (1)

nsubstrate(t:O)

10



(thus, excludes non-catalytic, thermal equilibrium reactions)

nj

R —— @
Nsybstrate(t=0)
S o
L= 3
1 Ngybstrate(t=0) ° X 3)
X-n = X'n
Productivity = substrate(t 0) substrate,in :Me = Pt Re, Ru @)
NMe * thatch Npe

TON = Z ( * Ngyubstrate,in Atj)

(where j refers to a measurement interval of the CSTR experiment)

)

Nsubstrate(t=0)

TOF =

(6)

N0, chemisorb. * thatch

2.4. Characterization Techniques

N: physisorption was conducted on a Quadrasorb SI (Quantachrome). Prior to analysis, 0.2 g of
powdered sample were degassed in high vacuum (250 °C, 2 h). The specific surface area (SSA)
of samples was determined by the Brunauer-Emmet-Teller (BET) method applied to
measurements at p/po = 0.05-0.25 (adsorption branch). For elemental analysis by ICP-OES
20 mg of finely ground catalyst powder were dissolved in a mixture of 1 mL deionized H>O,
4 mL HNOs (65 wt.%), 3.5 mL HCI (37 wt.%) and 1.5 mL HF (39.5 wt.%) using a microwave
digestion vessel (10 K min™!, 220 °C, 30 min). Once the liquid had cooled down, 30 mL of boric
acid solution (4 wt.%) were added, followed by another heat treatment (10 K min™!, 170 °C,
10 min) and, ultimately, spectrometric analysis. Powder X-ray diffraction (XRD) patterns were
recorded on a Bruker D2 Phaser (Bragg-Brentano geometry) in ambient atmosphere using Cu Ka
radiation. Reflexes were recorded at 15° <26 < 90° and match database entries for anatase TiO»

(COD entry 9008214) and cubic Pt (COD entry 4334349). High-angle annular dark-field

11



scanning transmission electron microscopy (HAADF-STEM) imaging and STEM
energy-dispersive X-ray spectroscopy (STEM-EDX) experiments with bimetallic catalysts were
performed on a FEI Titan electron microscope operated at 200 kV acceleration voltage, equipped
with an aberration corrector for the probe-forming lens and a “Super-X” EDX detector.
HAADF-STEM imaging of monometallic samples was performed on a FEI Tecnai F20 electron
microscope operated at 200kV. In both cases, particle size distributions were determined using
the Fiji software package and several images from different regions of the sample. Thus,
hundreds of particles were evaluated for statistical soundness of the results. Particle size
distributions are given in terms of area-equivalent diameters. Temperature-programmed
reduction (TPR) experiments were conducted on 60 mg of powdered catalyst filled into the
U-shaped flow reactor of a Micromeritics AutoChem 2950 HP. Each sample was subjected to
mild oxidation (10 Kmin”, 100 °C, 30 min) in 5% O»/He (50 mL min"') and then dried
(10 K min!, 300 °C, 60 min) in flowing He (50 mL min™'). Subsequently, the oven was cooled to
-50 °C using first air and then liquid N>. H> consumption from 5% Ha/Ar (50 mL min™') was
measured during heatup (10 K min™) to 350 °C. Moisture was removed from the reactor effluent
using a cold trap filled with an iso-propanol slurry (= -80 °C). CO pulse chemisorption was
performed on the same setup, using 60 mg of fresh sample. Pre-treatment consisted of drying
(10 Kmin™!, 300°C, 1h) in He (50 mL min™), reduction (10 K min!, 200 °C, 30 min) in
5% Ha/Ar (50 mL min') and subsequent purging of adsorbates (10 K min™!, 200 °C, 1 h) in He
(50 mL min). CO adsorption was carried out in up to 15 pulses at 35 °C. CO adsorption was
also followed by Fourier-transform infrared spectroscopy (FTIR) on a Bruker Vertex70
spectrometer (64 scans at a resolution of 4 cm™). The respective setup and sample preparation

have been described elsewhere.??! Catalyst pellets were introduced into the flow-type

12



transmission cell and subjected to the same pre-treatment steps applied in pulse chemisorption.
Backgrounds of the pure, reduced samples were then taken at 40 °C and 150 °C. They were
employed in the collection of all subsequent CO-FTIR spectra. At 40 °C, a mixture of
50 % CO/He (10 mL min™') was flown through the cell for 5 min, after which the inlet and outlet
were closed to allow for equilibration of the adsorption process. The purging and desorption of
surplus CO occurred in He flow (100 mL min™), first at 40 °C and later at 150 °C. The reported
spectra are those collected at the end (30 min) of each purging step, when absorption bands were
stable. Unless indicated otherwise, spectra are normalized to the total area of the CO bands
between 1700 and 2300 cm™. This is to focus on the distinction of different adsorption sites,
whereas the total amount of adsorbed CO will be compared using pulse chemisorption. X-ray
photoelectron spectroscopy (XPS) measurements were performed with a spectrometer from
SPECS GmbH equipped with a PHOIBOS 150 1D-DLD hemispherical energy analyzer. The
monochromatized Al Ko X-ray source (E = 1486.6 eV) was operated at 15 kV and 200 W. For
the narrow scans, a pass energy of 20 eV was applied. The medium area mode was used as lens
mode. The base pressure during the experiment in the analysis chamber was 5x107!° mbar. To
account for charging effects, all spectra were referred to the Si 2p signal (103.3 eV) of a SiO»
reference physically mixed with the investigated material. Reduction experiments were
conducted in a preparation chamber attached to the main spectrometer. The samples were heated
to 150 °C and reduction was performed in 10 % H2/N> for 1 h. After cooling, the samples were
transferred into the analysis chamber for spectroscopy. The program CasaXPS Version
2.3.22PR1.0 was used for data evaluation. A symmetric profile function, GL(30), was used for
fitting contributions from different Re oxidation states. The full-width-half-maximum parameter

(FWHM) was constrained between 0 and 2 eV. The binding energies (BE) of diverse Re species

13



(4f72 contributions) were constrained to 46-45 eV (Re’"), 43.8-42.8 eV (Re®") and 42.5-41.5 eV

(Re*h).
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3. Results and Discussion

3.1. Catalyst Testing

amidation cyclisation hydrogenation (= rate-determining)
. +mea 2 o ((HOH oy, (CHaOH, v\)ok
_— _ N N :
HONOH HONNH —= oMo — (Mo Ho H
0 -H,0 o) (CHZ),0H (-H20) \—/ (CHp),0H
succinic acid amides HESImY HEP? . 5 HEBAY
2
thermal catalytc —— >

Scheme 1. Reaction network of succinic acid conversion with monoethanolamine (MEA) and
H,. YN-(2-hydroxyethyl)succinimide; ?N-(2-hydroxyethyl)-2-pyrrolidone; *N-(2-hydroxyethyl)-

4-hydroxybutanamide;

A kinetic analysis of the reductive transformation of succinic acid with monoethanolamine
(MEA) and H> on Ru/C has been presented previously.l?!l Consequently, the reaction can be
described as a sequence of fast, thermal (amidation, cyclisation) and slow, catalytic
(hydrogenation) processes (Scheme 1). Since similar observations are made with Pt-Re/TiO2
(Figure S3), catalysts can be screened in the reduction of N-(2-hydroxyethyl)succinimide
(HESim) to N-(2-hydroxyethyl)-2-pyrrolidone (HEP) as a simplified model reaction. At low
conversion, N-(2-hydroxyethyl)-4-hydroxybutanamide (HEBA) appears as the main by-product.
This can be traced back to a balance between C-N vs. C-O hydrogenolysis, which is an important
selectivity feature in general amide reductions.!'”! The ratio SC(HEBA)/S(HEP) is thus given next
to catalyst productivity in subsequent screening results. However, in the special context at hand,
HEBA has value as a product since it undergoes intramolecular condensation to HEP at high

temperature (>200 °C).1*!
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Figure 2. Comparison of the catalytic performance of Pt-(y)Re/TiO; (CI) in imide reduction as a
function of Re:Pt ratio. A pure Re/TiO2 (WI) material (productivity per molge) is given for
reference. Productivity (red squares) and selectivity ratio (black circles). (Conditions: 150 °C,

150 bar Hy, 6 h, 750 rpm, 37.5 mg catalyst)

The effect of Re on catalyst performance was first investigated for a set of Pt-(y)Re/TiO2
catalysts prepared by co-impregnation (CI). Respective results (Figure2) show a
volcano-shaped productivity trend as a function of the material’s Re:Pt ratio. Similar
observations have been made for the Ir-Re system®*! and are generally indicative of synergistic
behavior. Selectivity-wise, Pt-(y)Re/TiO> (CI) materials catalyze C-N hydrogenolysis to some
extent, whereas no HEBA was formed for either of the monometallic references (Pt/TiO2 (WI)
and Re/Ti0> (WI)). While this adds to the evidence of a new active site structure comprising
both metals, it is notable that the maxima of selectivity and activity curves in Figure 2 do not
coincide. It is thus likely that the exact behavior of Pt-Re/TiO; in catalysis is modulated by
(local) composition. For example, a 1.25:1 molar ratio of Re:Pt offers a manifold increase in
catalyst activity (vs. Pt/TiO> (WI)) at decent HEP selectivity and will thus be used as

representative of the CI catalyst class in subsequent sections (briefly, Pt-Re/Ti0O, (CI)).
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Figure 3. Comparison of several Pt-Re/TiO> (x) materials and reference catalysts in imide
reduction. Productivity (red bars) and selectivity ratio (black circles). * commercial materials; °

productivity per mol Ru; (Conditions: 150 °C, 150 bar Hz, 6 h, 750 rpm, 37.5 mg catalyst)

Further analysis was dedicated to the study of several synthesis strategies, which were previously
proposed to enhance Pt-Re interaction and thus beneficially affect catalyst properties. In detail,
strong electrostatic adsorption (SEA), catalytic reduction (CR) and rhenium layer deposition
(LD) each led to one material with a preparation-specific Re:Pt ratio (Table 1). Taking
monometallic reference materials into account, the corresponding productivity varied in the order
Pt-Re/TiO> (LD) > Pt-Re/TiO2 (SEA) > Ru/C (benchmark) =~ Pt-Re/TiO> (CI) = Pt-Re/TiO2 (CR)
> Pt/TiO, (WI) (Figure 3). Especially the high productivity of the layer deposition catalyst is
surprising in that a comparable metal ratio (Re:Pt = 2.2) led to inferior results in the series of CI
catalysts (Figure 2). While an in-depth discussion will follow at a later stage, this serves as initial
evidence of a strong impact of the preparation strategy on the catalyst structure. Selectivity-wise,
all Pt-based catalysts perform better than the previously established Ru/C material.?!! However,
there are differences within the presented materials and Pt-Re/TiO> (LD) shows the highest

tendency towards C-N bond fission. As detailed above, this is of reduced importance for HESim
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reduction, wherefore the Pt-Re/Ti0, (LD) material should still be most effective in this context.
However, the second most active catalyst (Pt-Re/TiO2 (SEA)) leads to almost exclusive C-O

bond cleavage and may thus merit future interest in the hydrogenation of amide substrates.

While productivities were determined at low conversion, the suitability of the Pt-Re/TiO2 (LD)
catalyst is underlined by high conversion experiments (Table S1), which yielded a maximum of
Y(HEP) = 83 mol.%. This exceeds the performance of the commercial Ru/C benchmark
(71 mol.%) and thus suggests the suppression of side-reactions over Pt-Re/TiO> (LD). These
include HEP reduction and oligomer formation,'*> both of which are further discussed in the

supplementary.

3.2. Heterogeneous Nature and Stability of the Catalyst
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Figure 4. Batch recycling of Pt-Re/TiO> (LD). Dry catalyst masses were: 50.0, 47.9, 46.3, 43.5,

and 41.6 mg. (Conditions: 200 °C, 150 bar H», 6 h, 750 rpm, recipe scaled to 50 mg of catalyst)

Given its good performance in HESim reduction, the heterogeneous nature of the Pt-Re/TiO-
(LD) catalyst was investigated by means of hot filtration (Figure S4). The removal of solids

from the reaction mixture after 3 h under typical conditions prevented subsequent substrate
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conversion. It is therefore clear that the catalyst’s reduction activity derives from species
localized on the TiO; surface. Yet, batch recycling (Figure 4) was less successful, which is in
line with earlier reports.['?! Similar activity loss in literature systems was attributed to the effect
of cycling the catalyst between reducing and oxidizing (ambient) atmospheres.!'> 261 In this
context, the use of water as solvent should be especially problematic as it likely enhances Re
oxidation and leaching.”” Accordingly, omission of the washing step in a typical recycling
procedure led to a reduced loss in catalyst activity, which however still exceeded the loss in

catalyst mass (not shown).
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Figure 5. Results from slurry CSTR operation with the Pt-Re/TiO; (LD) catalyst. (Conditions:
200-220 °C, 70-100 bar Ha, thya. = 2 h, Q = 0.5 ml min™', cosubstrate = 1.6 mol L', 1200 rpm, 2.0 g

catalyst)

In another attempt to stabilize the bimetallic catalyst, the reaction was transferred to a CSTR
setup (Figure 5). Being kept under reducing atmosphere, Pt-Re/Ti0> (LD) operated with good
stability for 17 h. The difference between the highest and lowest values of Y(HEP) was about
1 mol.% during that period. Slight increases in temperature and pressure boosted Y(HEP) in the

second half of the CSTR run, however at the cost of selectivity. Consequently, products from
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excessive reduction, such as N-methyl- and N-ethyl-2-pyrrolidone, were obtained (detailed
composition: Table S2). In addition, slight deactivation became visible under these conditions.
Yet, the catalyst maintained substantial activity after 32h of operation

(TON = 1350 mol mol'py).

Table 2: Comparison of Pt-Re/TiO> (LD) catalyst productivity with literature-reported systems.

For a simplified comparison, nominal metal contents (wt.%) are given in brackets.

. Productivity®
Catalyst Substrate Conditions Source
[mol mol-'p h'']
HESim 150 °C, 150 bar H, 112

Ei)];))t'(lo)Re/ Ti0, HESim 150 °C, 50bar H, 47 This study

succinic acid, MEA 200 °C, 70bar H» 38b
(4)Pt-(4)Re/TiO, N-methyl-2-pyrrolidone 120°C, 20bar H, 13 [12]
(5)Re/TiOs N N-dimethy1-2- 200°C, 50bar Hs 6 [19]

phenylacetamide

(5)Pt-MoO,/TiO> N-acetylpiperidine 180°C, 50bar H, 434 [15]

2 based on initial reaction rates at low conversion and total amount of metal in the catalyst, ® CSTR operation at
modest conversion, ° related to Re instead of Pt, ¢ given in the supplementary information of the listed reference.

These results indicate that Pt-Re/TiO2 (LD) may yet find application in the production of
biogenic N-vinyl-2-pyrrolidone via the proposed route. This is further underlined, by a
comparison with literature-reported systems for the reduction of carboxylic acid derivatives
(Table 2). While different substrates, solvents and initial concentrations render the evaluation of
such data difficult, the presented set of catalyst and imide substrate yields productivities at the
upper end of the range reported for literature systems. The possibility of continuous operation
should further benefit industrial application. However, it is noted that the demonstrated CSTR
setup is suboptimal since it operates under output conditions. The resulting accumulation of
product inside the reactor leads to slower reaction and reduces selectivity (< 80%) due to

[13

overreduction. A PFR-type reactor, as implemented by Coetzee et al.,!'3 should be preferred.
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4. Catalyst Characterization

Given the variable performance of Pt-Re/TiO2 (x) catalysts from different preparation
techniques, it would be interesting to reveal the underlying structural features. This requires
in-depth characterization, the results of which are summarized in Table 1 and subsequent

sections.

4.1. Powder XRD

Powder X-ray diffraction was conducted to get a first impression of metal dispersion (Figure 6)
in different catalysts. While distinct reflections of typical Re and ReOx phases were absent in all
samples, signals caused by crystalline Pt structures (cubic lattice: 20 =39.7°, 46.3°, etc.)
appeared to a variable extent. Thus, the presented catalysts can be clustered in two groups:
Firstly, distinct Pt reflections are apparent for Pt/TiO> (WI) as well as for the bimetallic
Pt-Re/T10> (CI) and (CR) catalysts. Secondly, these Pt signals are much broader and tend to fuse
with the baseline for Pt-Re/TiO> (LD) and (SEA) materials, indicating smaller Pt crystallites
according to the Scherrer equation. Through additional contemplations of the sharp signal
intensity at 39.7°, XRD suggests average Pt particle sizes in the order Pt-Re/TiO> (CI)
> Pt-Re/Ti02 (CR) = Pt/TiO2 (WI) > Pt-Re/TiO; (SEA) = Pt/TiO2 (SEA) = Pt-Re/TiO> (LD),
despite similar Pt contents. In this context, it is especially notable that a sequential impregnation
of Re on Pt/TiO2 (WI) and Pt/TiO> (SEA), yielding bimetallic Pt-Re/TiO> (CR) and (SEA)
catalysts, had a minor influence the corresponding XRD patterns. In contrast, the

co-impregnation of Pt and Re led to the most intense Pt reflection.
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Figure 6. X-ray diffraction patterns of Pt-Re/TiO2 (x) catalysts and reference materials. (®)
reflections associated with crystalline Pt (cubic). All other peaks are assignable to the support

material (anatase TiO»).

4.2. TEM Analysis

Since XRD gives a fractional image of metal dispersion, which mostly focuses on the detection
of crystallites with many repetitive planes (several nm in size), further insight was obtained
through TEM analysis. In this context, it is readily apparent that pure Pt/TiO2 catalysts from
different synthesis pathways (WI and SEA) are mainly characterized by well-dispersed Pt
nanoparticles (NPs) of 2-3 nm in diameter (HAADF-STEM, Figure S6). However, the wet
impregnation (WI) catalyst additionally shows some larger (>10 nm) agglomerates, which are
likely responsible for the sharp Pt reflections in the respective powder XRD pattern. It would

thus appear that the SEA technique contributes to better Pt dispersion by avoiding metal
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agglomeration, as has been described in literature.?* 28! As a side effect, the achieved Pt loading

is reduced (as compared to W1, Table 1) to match the uptake capacity of the support.

[%] Avliqeqoud aaenwngy [%] Aujiqeqoud aanenwngy [%] Aujiqeqoud aaenwny [%] Avliqeqoud aae|nwngy
m o o o o 8
— [ss) © < N 0,

100

=)
o =} o o o Q =} =) o
- ) © < 59 =

o o o o
=) © 3 2 o

10

© © < 2 =}

dp [nm]

Pt-Re/TiO, (SEA)
daygy =3.2nM
Pt-Re/TiO, (CR)
daygy =2.6 M

o o o
@

0
60

o
o

240

200
45
3
15

120
40

— -
[-] siunoo [-] siunoo [-] siunop [-] siunod

23

Figure 7. HAADF-STEM micrographs of Pt-Re/Ti10 (x) catalysts. Respective nanoparticle size
distributions (1-4 nm) are displayed to the right. dawyv is the volume-average diameter. a)

Pt-Re/TiO; (LD), b) Pt-Re/TiO: (SEA), ¢) Pt-Re/TiO; (CI) and d) Pt-Re/TiO (CR).



The morphology of particles in bimetallic SEA and CR catalysts (Figure 7b/d) is reminiscent of
the respective monometallic parents (Pt/TiO2 (SEA) and (W), Figure S6). This is underlined by
particle size distributions reiterating the presence of NPs with sizes around 2-3 nm. In
comparison, Pt-Re/TiO> (LD) and (CI) (Figure 7a/c) evidence smaller volume-average
nanoparticle sizes (dave,v) despite the slightly heterogeneous appearance of the layer deposition
catalyst. Due to the restriction of particle counts to the abundant small NPs (<5 nm), this
information should be combined with XRD results to give a comprehensive picture of metal
dispersion on different magnification scales. While the SEA material has comparably large NPs,
but no distinct Pt XRD reflections indicating metal agglomerations, the opposite is true for
Pt-Re/TiO> (CI). Further analysis by CO-chemisorption as a bulk measure of dispersion (section
4.6) will thus be required to distinguish metal utilization on these materials. Pt-Re/Ti0; (LD), on
the other hand, displays high dispersion in XRD as well as in STEM and is thus expected to

incorporate the highest density of accessible metal sites.

Moreover, EDX mappings indicate the close association of Pt and Re on the catalyst surface
(Figure 8). While Re seems to be more evenly spread over the support than Pt, most
nanoparticles show a clear enrichment in both metals. The available resolution is, however, not
sufficient to derive information on particle structure (e.g. core-shell) on the nm scale. The partial
spreading of Re on the metal oxide support is in line with earlier studies!'* 2% 3% and should be
attributed to a strong interaction of TiO; and ReOx, possibly Ti-O-Re bonds. It is most evident in
the parent material (Re/Ti0, (LD)) of Pt-Re/TiO> (LD), where rhenium is clearly present on
nanoparticle-free areas of the support (EDX, Figure S7). Additionally, high-magnification
STEM images of several bimetallic catalysts show evidence of small metal clusters (< 1 nm,

Figure S8) coexisting with the previously discussed nanoparticles and metal agglomerates.
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While these might also incorporate Pt atoms, their abundance apparently correlates with the Re

content in different materials.

Figure 8. HAADF-STEM micrographs (al-b2) and corresponding EDX mappings (a2-b4) of
two Pt-Re/TiO> (x) catalysts. a) Pt-Re/TiO> (LD), b) Pt-Re/TiO> (CI). Examples of bimetallic

particles are encircled in yellow.
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4.3. Temperature-Programmed Reduction (TPR)
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Figure 9. TPR profiles (H> consumption) of Pt-Re/Ti10; (x) catalysts and reference materials. All

materials were dried and oxidized in mild conditions prior to the measurement.

The association of Pt and Re on the surface of bimetallic catalysts has previously been tested by
TPR.!'? In this context, it is often reported that Re reduction is enhanced by proximal Pt,
possibly due to H-spillover.l*! Indeed, the main H consumption feature was observed at ~220 °C
for Re/T102 (WI) and shifted to 10-70 °C for bimetallic materials (Figure 9). In contrast, only a
single broad feature associated with partial support reduction (~320 °C)1 3! is observed for

Pt/TiO> (WI), indicating that Pt does not directly contribute to the H» consumption profiles. This
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is due to the specific sample preparation at hand, which likely results in Pt>-ReOy/TiO> prior to
analysis. Accordingly, the absolute amount of H> uptake corresponding to features at 10-70 °C
and 220 °C is roughly proportional to each sample’s Re content (Table 3). Moreover, the

determined stoichiometry fits the transition from Re’" to Re*", suggesting partial reduction.

While complete Re reduction is indeed unlikely in the given temperature regime,!'! it should be
noted that TPR is a bulk technique and thus presents an average over different Re loci. In this
context, changes in the TiO; reduction feature (280-350 °C) for bimetallic materials underline
that Re is associated with the support as well as with Pt NPs. Considering this as well as
uncertainty on the catalyst state prior to TPR, further analysis is required to determine Re

oxidation states in the activated material.

Table 3. Results from TPR and CO pulse chemisorption for Pt-Re/TiO, (x) catalysts and

reference materials.

H, uptake (main red. feature®) CO uptake TOF®

Catalyst

[mmol gcu] [mol mol'ge] [umol gl ca] [mol mol'p(] [h']
Pt/TiO, (WI) - - 68 0.33 47
Re/Ti0, (WI) 0.38 1.5 7.5 0.03¢ 184
Pt-Re/Ti0; (CR) 0.04 1.2 31 0.14 367
Pt-Re/Ti0; (CI) 0.42 1.5 29 0.13 411
Pt-Re/Ti0, (SEA) 0.35 1.3 30¢ 0.24 395
Pt-Re/Ti0; (LD) 0.77 1.4 71 0.35 318
without reducton : : 28 014 :
spent’ Pt-Re/TiO, i i 55 0.03 i

(LD)

210-70 °C for bimetallic materials, around 220 °C for Re/TiO; ® based on productivity results from Figure 3 and
CO uptake; ° related to total moles of Re due to the absence of Pt; ¢ note the reduced Pt content due to the SEA
preparation technique; © refers to the sample pretreatment in the measurement cell; the sample had been reduced as
part of the synthesis protocol; f after 5 use cycles (batch), Figure 4.
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4.4. X-ray Photoelectron Spectroscopy (XPS)
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Figure 10. Re4f region of the XP spectra recorded for Pt-Re/TiO: (x) catalysts and reference
materials after in-situ reduction at 150 °C. a) Pt-Re/TiO, (LD), b) Pt-Re/TiO> (SEA), ¢)
Pt-Re/TiO> (CI) and d) Re/TiO2 (WI). The signal is decomposed into the spin-orbit peaks Re4f7,
and Re4dfs, of several Re species (fitting parameters: Table S3). Pt-Re/TiO> (CR) is not

evaluated due to a lack in Re signal intensity.

XPS was used to assess the oxidation states of metals in mono- and bimetallic catalysts. Prior to

in-situ reduction, spectra of the metal 4f regions (not shown) indicate that Pt is mostly in the
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metallic state, whereas Re is fully oxidized (+7) at the surface due to air contact. After reduction,
the Pt signal of Pt-Re/Ti0> (x) catalysts is well fit by a single set of Pt4f7» (70.9-70.6 eV) and
Ptdfs, (74.2-74.0 eV) contributions, which can be represented by the symmetric GL(30) line
shape, if an additional contribution from Re4s is taken into account. (Figure S10). In contrast,
the asymmetric Pt4f contributions of Pt/TiO> (WI) were recorded at slightly lower binding
energies (BE = 73.8 and 70.5 eV). Also, these latter signals are clearly in accordance with
previous reports on the XP spectroscopy of metallic platinum surfaces.*2! On the other hand, the
higher BE values for Pt in Pt-Re/TiO2 (x) catalysts mirror literature results from Re deposition
on Pt crystal planes.* 331 While a contribution of electronic interactions between platinum and
rhenium to this phenomenon cannot be excluded, it is likely associated with evident coordination
changes for surface Pt atoms (see surface core level shift). It is noted that the observed BE shift
is largest for the Pt-Re/TiO2 (LD) and Pt-Re/Ti02 (CI) catalysts, possibly indicating a higher

degree of Pt-Re association.
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Figure 11. Distribution of Re oxidation states in Pt-Re/Ti0: (x) catalysts and reference materials

after in-situ reduction at 150 °C and 350 °C as determined by fitting of the XP spectra.
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Analysis of the Re4f spectral region (Figure 10) is more complex, due to the plethora of
oxidation states available to this metal.*# However, a trend in Re4f binding energies is readily
apparent from the positions of maximum photoelectron emission. The sequence of Re reduction
degrees follows as Pt-Re/TiO: (LD) = Pt-Re/TiO2 (SEA) > Pt-Re/TiO2 (CI) > Re/TiO2 (WI).
Additionally, peak deconvolution yields the contributions of several Re species to the overall
signal (Figure 11), thus underlining the effect of Pt in Re reduction. In this context, it is
noteworthy that the chosen reduction temperature (150 °C) is located well above the H»
consumption maxima of bimetallic catalysts in TPR. Nevertheless, oxidized Re states prevail at
the very surface of the catalyst. The same observation applies for the Re/TiO> (WI) reference
reduced at 350 °C, which is well in line with TPR results. While the exact assignment of Re
oxidation states has some uncertainty due to potential BE shifts from interactions with Pt, the
recorded signal positions are clearly outside the range reported for Re’ (40.4 eV) and Pt’-Re’

alloys (41.1-40.8 eV).[*234 The existence of metallic Re after in-situ reduction is thus unlikely.

4.5. CO-FTIR

The surfaces of reduced catalysts were additionally probed by CO adsorption. The corresponding
FTIR spectrum of Pt/TiO, (WI) (Figure 12) shows a sharp adsorption band at 2086 cm™ with a
broad shoulder at 2058 cm™'. Based on their wavelength and earlier reports,*>37! both bands are
assigned to the linear adsorption of CO on Pt surface sites. In this context, lower wavenumbers
are typically indicative of stronger adsorption on Pt atoms with high electron density and vice
versa.’”l Consequently, the bands at 2086 cm™ and 2058 cm™ observed herein are denominated
to indicate weak (Pt-Lw) and strong (Pt-Ls) CO adsorption. The corresponding surface sites may
yet be harder to identify. However, the difference in Pt electron density can originate from

varying coordination numbers, which would assign Pt-Lw to terrace sites, whereas Pt-Ls relates
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to kinks, corners and edges.l*) Another explanation lies in the heterogeneous nature of the
simple Pt WI catalyst, which evidences large Pt agglomerates next to nanoparticles. In this
context, shifts in vco have been reported as a function of metal dispersion.*®! Lastly, an
additional band at 1812 cm™! can be assigned to bridged CO adsorption (Pt-B).*34% Its intensity

should thus be linked to Pt ensemble size and electron density.[*"]

i |
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Figure 12. FTIR spectra of CO adsorbed on Pt-Re/TiO» (x) catalysts and monometallic
references at 40 °C. Catalysts were reduced at 150 °C within the IR cell, unless stated otherwise.

Spectra are area-normalized to focus on the relative contributions of IR bands.
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The spectra recorded with bimetallic Pt-Re/TiO; (x) catalysts show additional bands around
2030, 1920 and 1880 cm™'. Similar signals, which were observed with several Pt-Re/TiO2 WGS
catalysts, were previously attributed to an additional linear Pt-CO species and “a doublet [of]
bridged COJ...] peaks”.[*!] Elsewhere,[** these linear and bridged species have been assigned to
CO adsorption on metallic Re. While linear and bridged adsorption states do exist for CO on Re,

[43

their instability at and above room temperature has been suggested.*’] Consequently, Re

carbonyls can be expected to form as a function of temperature, pressure and adsorption time.**!
In this context, a configuration of Re tricarbonyl could account for all three bands identified
herein.[**] Notably, Re does not have to be zero-valent in this case. While both band allocations
lead to a similar conclusion, i.e. the presence of Re on the very surface of the catalyst, the latter

will be assumed herein. The most important reason is that XPS results render the existence of

significant amounts of Re® unlikely, even after in-situ reduction.

Interestingly, even Pt-CO bands were largely suppressed on Pt-Re/TiO> (LD) before in-situ
reduction (see Figure S11). In combination with XPS, these results imply that rhenium oxide
species — whose structure is likely affected by reduction — cover a variable fraction of the Pt
surface. This is further underlined, by the presented spectra of Pt-Re/TiO, (x) bimetallic
catalysts, which cannot be represented by a linear combination of Pt-CO (2086 cm™, 2058 cm™,
1812 cm™) and Re carbonyl (2030 cm™, 1920 cm™, 1880 cm™) bands. Pt-Re/TiO, (CR), which
contains the lowest amount of Re, still evidences clear contributions of Pt-Ls and Pt-B to the
spectrum. However, the sharp Pt-Lw band of the Pt/Ti0, (WI) parent catalyst has disappeared in
favor of a pronounced red-side tailing of the Pt-Ls band. Together with a red-shift in Pt-B, this
could indicate an increase in the strength of CO adsorption. Given previous insight on the

localization of Re, however, the frequency shift is likely rationalized by reduced dipole-dipole
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interactions*” due to the increased isolation of Pt-CO sites caused by Re blocking. It should be
noted that partial blocking of Pt surface sites by Re has previously been discussed in the context

of Re deposition by CR.!

The other bimetallic catalysts cannot be easily compared with Pt/TiO2 (WI), due to the
dominance of their Re carbonyl bands. However, the Pt-Lw band is clearly absent in all cases,
underlining the overall red-shift of Pt-CO spectral contributions. Together with the absence of a
Pt-B band, this hints towards the abundance of Re species on the surface of Pt particles.
Electronic interactions between Pt and Re have also been discussed as a cause of red-shift in CO-
FTIR spectra.[*) However, the respective materials contained Re in the metallic state and Re
carbonyl bands were absent in CO-FTIR. Notably, this does not exclude electronic interactions
of Pt and ReOx in the case at hand. Lastly, the overall band structure for Pt-Re/TiO2 (LD),
Pt-Re/TiO2 (SEA) and Pt-Re/TiO2 (CI) is similar, but not identical, which hints at small
modulations in surface composition. Most evidently, the Pt-Ls band (2062 cm™) of Pt-Re/TiO:
(SEA) is comparably pronounced, which is in line with a low Pt BE shift in XPS. Both results

underline a reduced coverage of Pt particles with Re species in Pt-Re/TiO> (SEA).

4.6. CO Pulse Chemisorption

Lastly, CO pulse chemisorption is frequently used to quantify the number of active sites in noble
metal catalysts. Here, Table 3 indicates CO uptake (per molp;) in the order Pt-Re/TiO> (LD)
> Pt-Re/TiO> (SEA) > Pt-Re/TiO> (CI) =Pt-Re/TiO> (CR). The same sequence has been
observed in measurements of catalyst activity (Figure 3), wherefore remarkably similar TOF
values were calculated for all Pt-Re/Ti10> (x) materials. This would agree with the assumption of

a shared active site structure. In contrast to bimetallic materials, Pt/TiO> (WI) combines high CO

33



uptake with a low level of productivity in HESim reduction. The resulting TOF, which is an
order of magnitude below that of Pt-Re materials, shows that Re has a definitive role in
constituting the active site of the bimetallic catalysts. Its function cannot be reduced to a physical
promotion effect that enhances the amount of Pt surface sites.[*”l On the contrary, Re species
seem to block surface sites, as is most easily demonstrated with the Pt-Re/TiO> (CR) catalyst.
Despite a Re:Pt ratio of about 0.16, half of the CO adsorption sites present in the monometallic
parent (Pt/TiO2 (WI)) have been blocked. Whilst being especially promoted by the CR synthesis

strategy, this seems to be a common feature in all bimetallic materials.

In this context, it should be noted that the contribution of Re carbonyl formation to the overall
CO uptake may be significantly smaller than suggested by FTIR experiments. Firstly, the
extinction coefficient of Pt-CO and Re carbonyl IR bands are unknown and may prove to be of
significantly different magnitude. Secondly, Re carbonyl formation has been shown to be a
function of adsorption time and CO pressure,[*¥ both of which are significantly increased in
FTIR due to experimental reasons. It is therefore less surprising that CO pulse chemisorption

was previously used for the quantification of Pt sites in Pt-Re/Al,03.[47]
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5. Discussion

Table 4. Summary of characterization results for bimetallic Pt-Re/Ti0: (x) catalysts.

characterization common finding distinctive properties
clear Pt° reflections indicating metal
XRD absence of Re or ReOy reflections agglomeration for Pt-Re/TiO, (CI) and
Pt-Re/TiO, (CR)
HAADF-STEM mainly 1-4 nm nanoparticles iavsggAfOT NPs in Pt-Re/TiO; (x): LD = CI < CR
joint presence of Pt and Re in nano- especially for Pt-Re/TiO, (LD): spread of Re
EDX J p P y P
particles over TiO,
TPR facilitated Re reduction through Pt variation in TPR-profile shape at T > 150 °C
in-situ XPS metallic Pt with shifted position and degree of Re reduction in Pt-Re/TiO, (x): LD
attenuated intensity > SEA > CI
CO-FTIR Re carbonyl formation and red-shift of variable contribution of Pt-Ls and Re carbonyl

Pt-CO bands

CO uptake of Pt-Re/TiO, (x) mostly

CO-chemisorption below the Pt/TiO; (WI) reference

bands to the spectra

dispersion in Pt-Re/TiO (x): LD > SEA > CR
~CI

As highlighted in the summary of characterization results (Table 4), Pt-Re/T10> (x) materials

show a set of common traits, which are independent of the chosen synthesis methods. Most

notably, the TiO; support is covered with bimetallic Pt-Re nanoparticles in the 1-4 nm size

regime. While platinum is in the metallic state, thenium achieves partial reduction (ReOx.y) after

a mild treatment at 150 °C (0.1 bar Hz, XPS). In the absence of Pt, similar Re oxidation states

(mostly Re®"/Re*") are achieved at 350 °C, which hints at the role of hydrogen-spillover in the

bimetallic system. Comparable observations have been made in literature!® '?! and seem to be a

common feature of Pt-Re catalysts. However, S et al.[*8] suggest that Re in Pt-Re/TiO catalysts

can attain its metallic state (in-situ XANES) after gas as well as liquid phase reduction (1-20 bar

H», 120 °C). This was not observed herein, possibly due to differences in H» partial pressure and

catalyst preparation. Accordingly, Pt-Re alloy formation was deemed unlikely.
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Further evidence on metal distribution stems from the Pt® XPS-signals of bimetallic catalysts
(Figure S10), which are attenuated and shifted to higher BE as compared to Pt/TiO> (WI). This is
consistent with the deposition of Re on top of Pt, causing either electronic interactions or surface
core level shift.[*> 3% 461 Moreover, Re carbonyl and red-shifted Pt-CO bands were apparent in
CO-FTIR. Together with the low CO uptake of most Pt-Re/TiO> (x) samples as compared to
Pt/TiO> (WI), this underlines the hypothesis of platinum sites blocked by rhenium species.
Indeed, this model appears necessary to reconcile different measures of dispersion from XRD,
HAADF-STEM and CO-chemisorption. However, the exact structure of rhenium oxides on top

[49]

of Pt is likely to depend on the experimental conditions,'*” as exemplified by the low CO uptake

of Pt-Re/Ti0; (LD) prior to in-situ reduction (Table 3).

The origin of Re deposition on Pt sites is evident for the Pt-Re/Ti0, (CR) catalysts, but may be
harder to explain for CI, SEA and LD synthesis strategies. Yet, it seems likely that the enhanced
reduction of Re by proximal Pt is not just a consequence, but also the origin of the local
association of both metals. In detail, it can be expected that the presented choice of metal
precursors and thermal treatment conditions leads to the co-existence of metallic platinum and
high-valent rhenium oxides in some stages of all discussed synthesis protocols. Since these
rhenium species can be very mobile, even in the absence of a solvent,?# it is likely that their
reduction and deposition occurs in the vicinity of Pt sites offering activated hydrogen. Given
this intrinsic feature of Pt-Re/Ti10; (x) catalysts, metal dispersion appears as prime differentiator
in the characterization of the investigated materials. In this context, Pt crystallite/particle sizes
(XRD/STEM) are conserved in Pt/TiO> parent materials upon sequential Re impregnation in the
CR and SEA synthesis strategies. The joint impregnation of metal precursors (CI), on the other

hand, enhances Pt agglomeration, potentially due to the intermediate formation of mixed salt
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([Pt(NH3)4][ReO4]2) clusters on the support surface.l’” This issue is circumvented by the LD
method, which initially distributes and anchors ReOy species on the metal oxide support. An
improved binding of [Pt(NH3)4]* may then be caused by ensuing PZC changes (Figure S1).°!
Also, Pt particles may be less mobile on ReOx/TiO, leading to reduced coalescence during

thermal treatments.®?) This cannot be achieved by joint and a posteriori Re introduction.

Schematic catalyst structures according to these findings are presented in Figure 13.

a)LD f Ha)
O
STl

1 A A A
TiO,

b)SEA & &

(local) Pt-Re
interaction

rhenium reduction

dispersion (CO-uptake)

TiO,

O Pt O ReO, O ReO,., (partially reduced)
Figure 13. Comparison of the prevalent structures observed in different Pt-Re/Ti0O- (x) catalysts.
a) Pt-Re/TiO> (LD), b) Pt-Re/TiO2 (SEA), c) Pt-Re/TiO2 (CI), d) Pt-Re/TiO; (CR). Metal

dispersion follows the order D > D> > D3 = Da.
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The above description of Pt-Re/Ti0O2 (x) materials can now be compared to literature catalysts,
such as Pd-Re/SiO» for the hydrogenation of stearic acid.*! The related authors found
substantial Re enrichment on the catalyst surface (XPS) and no evidence of crystalline rhenium
oxide (XRD). Moreover, the details of catalyst reduction had a large impact on catalytic activity,
thus highlighting an optimal degree of reduction in the range of Re** and Re*". In combination
with Pd’, these species allow for substrate adsorption and H, dissociation. More specifically, a
reaction order close to unity for p(H2) was seen as evidence of heterolytic hydrogen activation
between Me’ and Re™ sites. Additional investigations on Re/TiO> for the hydrogenation of

(11 For example, the oxophilic

carboxylic acids underline the role of partially reduced rhenium.
nature of ReOy.y was deemed responsible for strong substrate adsorption and constant reaction
rates throughout varied substrate concentrations.!'®!”] Again, the reaction order regarding p(H.)

was estimated near unity. Lastly, the oxophilicity of rhenium should also lead to an activation of

adsorbed C=0 functional groups, as demonstrated by Burch et al..!!?!

Given the above and the results presented herein, Pt’ and ReOx.y jointly constitute the active site
of imide reduction. Therein, the role of ReOx.y is seen in substrate adsorption, which results in a
lack of concentration dependence for the reaction (Figure S12). Since imide reduction was
performed in an aqueous environment, as opposed to most of the cited literature, Pt° has a major
role in stabilizing and regenerating partially reduced Re. This is underlined by recycling
experiments, which exemplify the catalyst’s instability in an oxidizing environment. Catalyst
activity is then mostly a function of the density of Pt” sites, which tend to be associated with
reducible rhenium species independent of preparation protocol. In this context, it is noted that
catalyst productivity (per molp) also correlates with slight changes in the fraction of Re*" in Pt-

Re/Ti0; (x) catalysts.
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Next to the presented characterization results, the reaction order regarding p(H») for Pt-Re/TiO>
(LD) was similar to Re/TiO2!'”! and Pd-Re/Si021%%! (Figure S13). While this may hint towards
heterolytic H» activation, the potential of ReOx.y for C=O activation should also be considered as
origin of the enhanced Pt-Re/TiO: activity and further investigations in this direction are
ongoing. Moreover, small differences in TOF between Pt-Re/TiO» (x) materials are likely
accounted for by nuanced site compositions (CO-FTIR band structures and XPS). For example, a
change in the Re coverage of well-dispersed Pt particles (Pt-Re/TiO2 (SEA) vs. Pt-Re/TiO»
(LD)) apparently has an impact on TOF and selectivity. Factors such as these deserve further
investigation, e.g. by way of simplified model systems. Lastly, the reader is referred to a further
discussion of the dynamics of Pt-Re bimetallic systems as well as an analysis of spent catalysts

in the supplementary material (sections 12 and 13).
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6. Conclusions

Amide hydrogenation using elemental H> and heterogeneous catalysts is a promising technology,
not least in the production of nitrogen-containing chemicals from biomass. However, an
understanding of the synthesis and function of the necessary bimetallic catalyst, e.g.
Pt-Re/MexOy, is still being developed. In this context, we presented a comparison of different
synthesis strategies and the resulting Pt-Re/TiO> (anatase) materials in the hydrogenation of
N-(2-hydroxyethyl)succinimide. As was previously reported, there is clear synergy of both
metals in creating the active catalyst. However, productivity and selectivity also show significant

variations in the series of four Pt-Re/TiO- catalysts obtained from different synthesis strategies.

Using in-depth characterization, mostly after in-situ catalyst reduction, the synthesis strategies
could be connected to structural features of the resulting materials. All presented Pt-Re/Ti0-
materials show a set of comparable properties, such as partial Re reduction, blockage of Pt
surface sites for CO adsorption and local association of both metals in nanoparticles as
highlighted by EDX-STEM. As a result, they can be described as ReOx.y-decorated Pt
nanoparticles on a titania support, where the latter is modified by the spread of additional
rhenium oxides. The details of the preparative approach are modulating factors, impacting on
metal dispersion, Re reduction and local site composition. Consequently, different densities of

active sites with slightly variable reaction behavior are obtained.

While Pt-Re/TiO> catalysts certainly evidence dynamic behavior due to the complex redox
chemistry of Re — ranging from water-soluble, oxidized species to Re’ in bimetallic alloys — they
were successfully applied to the reduction of the substrate imide in concentrated, aqueous

solution. In this context, they outperformed the previously proposed benchmark (Ru/C) in terms
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of both activity and selectivity. Catalyst stability, on the other hand, is conditional on the
avoidance of oxidizing atmospheres. Thus, the complete amidation-hydrogenation of succinic

acid to N-(2-hydroxyethyl)-2-pyrrolidone has been implemented in a CSTR setup.

In the future, it would be of great interest to garner definitive information on the catalyst under
reaction conditions. Consequently, the role of low-valent Re™", which is present in several recent
publications may be more firmly established. In addition, the use of cheaper metals is desirable.
Here, Mo and V are definitive options for the replacement of Re. However, a suitable

hydrogenation metal, able to perform in comparably mild conditions, has yet to be found.
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ABBREVIATIONS

XRD, X-ray diffraction; TPR, temperature-programmed reduction; FTIR, Fourier-transform
infrared spectroscopy; STEM, scanning transmission electron microscopy; EDX,
energy-dispersive X-ray spectroscopy; XPS, X-ray photoelectron spectroscopy; CR, catalytic
reduction; DFT, density functional theory; ON, oxidation number; PVP, polyvinylpyrrolidone;
CI, co-impregnation; LD, Re layer deposition; SEA, strong electrostatic adsorption; MTHF,
methyl tetrahydrofuran; MTBE, methyl tert-butyl ether; WI, wet impregnation (one metal); PZC,
point of zero charge; HPLC, high performance liquid chromatography; CSTR, continuous stirred
tank reactor; TOF, turnover frequency; TON, turnover number; SSA, specific surface area; BET,
Brunauer-Emmet-Teller method; ICP-OES, inductively coupled plasmas optical emission
spectroscopy; COD, crystallography open database; HAADF, high angle annular dark field; BE,
binding energy; FWHM, full width half maximum; MEA, monoethanolamine; HESim,
N-(2-hydroxyethyl)-succinimide; HEP, N-(2-hydroxyethyl)-2-pyrrolidone; HEBA,
N-(2-hydroxyethyl)-4-hydroxybutanamide; PFR, plug flow reactor; NP, nanoparticle; WGS,

water-gas shift; XANES, X-ray absorption near edge structure;
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