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1. Pre-Experimentsfor Pt-Re/TiO, (SEA)
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Figure S1: pH-shift curves recorded for the addition of grduhiO, (anatase, Saint-Gobain
ST6*120) and Re/Ti@(LD) to solutions of defined pkta. (ionic strength = 0.1 molt for all

solutions, adjustmema the addition of NaNg)

To conduct a controlled impregnatioma the SEA (strong electrostatic adsorption) literatu
protocol, the PZC (point of zero charge) of themarpmaterial must be known. Fortunately, this
value can be determined by monitoring the pH sbéftised by the addition of support to
solutions of defined initial pt In our experiments, we prepared aqueous solutiéréaOH
and HNQ with defined initial pH values and adjusted thenmifarmly to an ionic strength of
0.1 mol L* using NaNQ. Subsequently, a defined amount of ground.Ti@ Re/TiQ (LD))
was added to each of the thus prepared solutieasliig to a change in pH. The latter was
recorded after the samples were equilibrated undetinuous stirring. The resulting curves of
PHiniiai VS pHina (Figure S1) exhibit clear plateaus in the intermediate pHgearfor TiQ.

According to Park and Regalbffiathe corresponding values of ph can serve as an estimate
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for the oxide PZC. While this is not a precise methinder all circumstances, the coincidence of
plateaus obtained for different surface loadingSASo, V souio) and their position in the
intermediate pH range (pkt=5.3) underline the estimate’s validity. Notablietobtained

pHpzc agrees well with literature sources.
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Figure S2: Pt-uptake vs. pH in the SEA impregnation of Zidhe amount of precursor
deposited on the support was determined via thaireng Pt(NH)4(NOs), concentration in the

liquid after filtration (ICP-MS analysis). (Conditis: room temperature, 2006 hi*)

Given the pHyc of TiO; it follows that Pt impregnation will be most susstil with positively
charged complexes (e.g. Pt(kf") at basic pH values. These conditions will leadthe
deprotonation of hydroxyl groups, causing a netatigg charge on the TiGsurface. While the
most optimal impregnation pH could be determined wiodelling” a small set of test
experiments was chosen herein. In detail, the amofulAt precursor that was removed from the
impregnation solution due to its adsorption on Jlw@s measured (ICP-MS) as a function of pH

(FigureS2). The results indicate an optimal pi ~12. Below that value, electronic
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precursor-support interaction is reduced, wherbéasdding effects dominate at higher pH. It is
noted that Re/Ti@ (LD) is characterized by a comparably strong acigéhavior in aqueous
solution (Figure S1). Thus, even Pt impregnatiotheat pH adjustment may be influenced by

the strong electrostatic adsorption phenomenon.

2. Kinetic Analysis of Amidation-Hydrogenation over Pt-Re/TiO, (L D)
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Figure S3: Concentration-time profile for the reductive trimmmation of succinic acid with
ethanolamine over Pt-Re/Ti@LD). (Conditions: 150 °C, 150 bar,H750 rpm, 1.5 g acid, 1.5 g

H,0, 1 mol. equiv. amine, 37.5 mg catalyst)

A kinetic analysis of amidation-hydrogenation wasvpously shown for Ru/€! The question
remains, however, if the proposed reaction networ&in text, Scheme 1) can be transferred to
other catalytic systems. In this contekigure S3 shows the concentration-time profile of

succinic acid amidation-hydrogenation over Pt-R@4T(LD). Since the sequence of product
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formation as well as the relative abundance ofisgere aligned with previous results, changes
to the proposed reaction network are unnecessédng.hydrogenation oN-(2-hydroxyethyl)-
succinimid to N-(2-hydroxyethyl)-2-pyrrolidone (HEP) andN-(2-hydroxyethyl)-4-hydroxy-

butanamide (HEBA) is thus established as rate-oeténg step.

3. Maximum AchievableYidd

Table S1: Detailed summary of reaction results with Ru/C dERe/TiQ (LD) at high

conversion. (Conditions: 200 °C, 150 bas; A50 rpm, 24 h.)

NilNsubsrateo [Mol mol™
Substrate/Product (i) Ru/C Pt-Re/TiO, (LD)

Succinic Acid 0.000 0.009
Amides 0.000 0.000
HESIim (Imide) 0.000 0.000
HEP 0.713 0.830
HEBA 0.000 0.000
N-methyl-... 0.058 0.006
N-ethyl-... 0.020 0.028
2-pyrrolidone 0.010 0.014
N-ethyl-pyrrolidine 0.007 0.000
Reduction onl§ 0.044 0.031
Oligomef 0.148 0.082

includes products such gutyrolactone, 1,4-butanediol and butyric adidnidentified fraction of organics as
determined from comparing HPLC with Karl-Fischération.

The main text mostly discusses differences in gatalctivity, which are suitably investigated at
low conversion levels. However, high conversionnsecms are of greater industrial relevance

and give additional information on consecutive gigactions. Thus, the Pt-Re/TidLD)
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catalysts was compared to the Ru/C benchmark pftdonged reactionT{able S1). It is noted
that the bimetallic catalyst yields a higher fiaahount of the target product HEP. This is due to
reduced levels of (i) overreduction, eNrmethyl-2-pyrrolidone, and (ii) oligomer formation.
Other authot& " have previously discussed the role of HEBA in aifiger formation. It is thus
likely, that the reported performance of Pt-Re/J(@D) is linked to its improved selectivity

towards C-O hydrogenolysis as compared to the Ref€hmark.

4. Heter ogeneous Natur e of the Catalyst
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Figure $4: Hot filtration experiment using Pt-Re/Ti@LD). (Conditions: 200 °C, 150 bar,H

750 rpm, recipe of HESim reduction from main teodled to 50 mg of catalyst)

The heterogeneous nature of the catalyst was tdstediay of a hot filtration experiment
(Figure $4). A typical HESim reduction reaction on Pt-Re/fiLD) was interrupted after 3 h

(batch mode) by cooling the autoclave to just bel®® °C. Subsequently, the vessel was
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depressurized and opened, allowing for the remoivablids by filtration. The clear liquid was
transferred back to the autoclave, followed by guegation and heating to reaction temperature.
A final sample was taken 3 h thereafter. From #spective results it is evident that the reaction

had stopped after solids removal.

5. CSTR Catalyst Testing (Supplement)

Table S2: Detailed reaction data from CSTR operation aedéht conditions. (Conditions 10 h:

200 °C, 70 bar b Conditions 24 h: 220 °C, 100 bag)H

-1
Ni/Nsubstrate0 [MOI Mol ™)

Substrate/Product (i) 10h 24 h
Succinic Acid 0.179 0.108
Amides 0.058 0.051
HESIim (Imide) 0.366 0.289
HEP 0.269 0.343
HEBA 0.027 0.035
N-methyl-... 0.000 0.018
N-ethyl-... 0.016 0.027
2-pyrrolidone 0.007 0.017
N-ethyl-pyrrolidine 0.000 0.000
Reduction onl§ 0.012 0.018
Oligomef 0.066 0.094

includes products such gutyrolactone, 1,4-butanediol and butyric adidnidentified fraction of organics as
determined from comparing HPLC with Karl-Fischération.

Pt-Re/TiQ (LD) was tested in a continuous stirred tank m@a¢CSTR). In this context,
selectivity and product yield were affected by Hewerity of operation conditiong &ble S2).

Higher temperature and hydrogen pressure spedhsgirate conversion while also favoring the
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formation of side-products. Especialli-ethyl- andN-methyl-2-pyrrolidone from sequential
HEP hydrogenation were increasingly detected. Rigblights the main drawback of a CSTR
setup, which operates under output conditions,atenodest to high product concentrations in

the entire reaction volume.

6. XRD Analysis (Supplement)

NH,ReO,

Pt-Re/TiO,, (LD)

Re/TiO, (LD)

am Pt-Re/TiO , (SEA)
Pt-Re/TiO, (SEA, NH,)

MM N
Pt/TiO, (SEA)

Normalized Intensity [a.u.]

TiO, (as is)

15 30 45 60 75 90
20[°]

Figure S5: Powder XRD patterns of SEA and LD catalysts aspamed to pure Ti@(anatase)

and NHReQ. (m) indicates reflections tentatively assigned toN&ReQ, phase formed with

residual sodium from the SEA impregnation solution.

The XRD analysis of the main text is focused orafd Re/ReQas likely active phases. Yet,

some additional signal&igure S5) were found for the monometallic parent of Pt-R@4I(LD)
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and for Pt-Re/TiQ (SEA). For Re/TiQ (LD), these reflections are immediately assigndble
NH4ReQ, remnants from precursor decomposition. In the cakePt-Re/TiQ (SEA) the
assignment is less straightforward. Yet, the alsensimilar signals for PUTIO(SEA) as well
as for an analogue of Pt-Re/TLIQSEA) prepared with NfHas a base for impregnation pH
adjustments, suggests the joint presence of NaRends a source. While the few published
structures of N@geQ, do not yield an immediate match, additional rdftats @) are thus
attributed to small quantities of a similar phaBeie to comparable catalytic behavior of
Pt-Re/TiQ (SEA) catalysts synthesized with different based §hown), the role of NReQ, in

HESim reduction is deemed negligible.

7. TEM Analysis (Supplement)

Particle sizes on monometallic Pt/LiCcatalysts (Wl and SEA) were compared via
HAADF-STEM (Figure S6). Both materials show spherical nanoparticleshia 2-3 nm size
regime. While particles on the PY/Ti@QWI) catalyst seem to be slightly smaller, thistenzl
also shows large Pt agglomerates (>10 nm, yellogles) in the overview image. These are not
accounted for in the particle count and are harduantify in a statistically sound way from
TEM images. However, the comparison with other ysial techniques (e.g. XRD,
CO-chemisorption) in the main text (Figure 6 andI&€&8) shows that the SEA technique leads

to an overall improvement in Pt utilization.
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Figure S6: HAADF-STEM analysis of a-c) Pt/T¥O(WI) and d-f) PUTIQ (SEA). dwgv is the
volume-average particle diameter. Yellow circleghtight areas with large Pt agglomerates in

the overview images. These are not incorporatedtire particle count.

The monometallic Re/Ti© (LD) parent was also investigated=igureS7). Some Re
agglomerations were clearly visible in HAADF-STEMdamight be associated with leftover
NH;ReQ, after thermal decomposition (see section 6, XRidreover, Re was detected by
EDX on several areas of the Ti®upport that were optically free of particles giyinotable
z-contrast. It follows that at least some Re igagrover and functionalizes the Ti€urface, as

is discussed in the main text.
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Figure S7: HAADF-STEM image and EDX analysis of the Re/ZiD) parent material. The
yellow circle highlights Re agglomeration, wherehs red square signifies the area of EDX

analysis.

This is in line with high-magnification HAADF-STENmages of bimetallic Pt-Re/TiO(x)
catalysts Figure S8). Next to the previously discussed nanopartictsall clusters of metal
atoms (< 1 nm) are visible. Since these are madiBerved on materials with high Re loading
(a-c), and not on Pt-Re/T}JCR) (d), the small clusters are likely to be ened in rhenium.
Their size is not sufficient for the evolution @ilg-range order, which explains the absence of
Re/ReQ XRD diffractions even at 10 wt % Re loading (Pt*R@, (LD)). While ReQ on the
support likely influences sequential Pt impregmatisee main text, section 5), the observation of
small metal clusters may have broader significahtdetail, metal clusters and single atoms are

gaining increasing scientific attention and mayuehce the catalytic performance, even of
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materials, which were previously considered as partiwulatd®® In this context, a dedicated
study into small Re (and Pt) clusters on FgDpported hydrogenation catalysts may be

rewarding.

Figure S8: High-magnification HAADF-STEM images of Pt-Re/Ti(dx) catalyst samples.
a) Pt-Re/TiQ (LD), b) Pt-Re/TiQ (SEA), c) Pt-Re/Ti@ (CI), d) Pt-Re/TiQ (CR). Circles and

arrows indicate metal nanoparticles and small elgstespectively.

Lastly, the crystallinity of nanoparticles (< 5 nin)Pt-Re/TiQ has been investigated by SAED
(selected area electron diffractiorkigure 9). Interestingly, features of crystalline Pt
(diffractions and lattice planes) were not obserf@dseveral of the bimetallic materials (Pt-
Re/TiG, (LD) and (CI)). This is in line with the attribot of distinct Pt XRD reflections to large
metal agglomerates, which were not evident in #rage sections chosen for SAED (see main

text, section 4.1). While these contemplations egddde focus of this work, it should be noted
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that Re and ReOmay affect Pt crystallization. Defect density mhys be another feature that

distinguishes Pt-Re/TiIrom pure Pt/TiQ hydrogenation catalysts.

Figure SO: Exemplary SAED investigation of Pt-Re/TiQ.D). a) bright-field TEM with SAED
aperture selection (red circle), b) SAE diffractipattern with indications for the absence of

primary Pt signals (blue lines).

8. XPS Analysis (Supplement)

Figure S10 shows Pt XP spectra of several catalysts empléyeHESim reduction. While the
monometallic reference PY/T}QWI) shows a typical (asymmetric) peak shape, 43t4ind
Pt4f;, contributions in bimetallic Pt-Re materials arpresented by GL(30) profile functions.
Combined with the shift in BE, this is indicativé Bt-Re interaction, possibly due to Re
deposition on top of Pt surface$.* XPS fitting parameters associated with the evilnaif Pt

and Re4f regions are documented able S3.
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Figure S10: Pt4f region of several XP spectra collected withRE/TiO, (x) catalysts and
reference materials. a) Pt-Re/Ti(LD), b) Pt-Re/TiQ (SEA), c) Pt-Re/TiQ(CI) and d) PUTIQ

(WI).
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Table S3: Parameters used in the fitting of Pt and Re4faregiof XP spectra. Listed values
correspond to 4f signals, since 4% contributions were fixed bgBE and FWHM relations.

The choseln situ reduction temperatures are given for clarity.

Species Material Pos. 4f7, [eV] FWHM [eV]
Pt-Re/TiQ (LD), 150°C 70.9 1.8
of Pt-Re/TiQ (SEA), 150°C 70.6 1.3
Pt-Re/TiQ (Cl), 150°C 70.9 1.8
PYTIO, (WI), 150°C 70.5 1.4
Pt-Re/TiQ (LD), 150°C 42.0 1.7
Pt-Re/TiQ (SEA), 150°C 42.1 1.5
Re" Pt-Re/TiQ (Cl), 150°C 42.1 1.7
Re/TiO, (W), 150°C 42.0 1.4
Re/TiO, (W), 350°C 415 1.6
Pt-Re/TiQ (LD), 150°C 43.0 1.7
Pt-Re/TiQ (SEA), 150°C 42.8 1.7
Re™* Pt-Re/TiQ (Cl), 150°C 43.0 1.9
Re/TiO, (W), 150°C 43.4 1.9
Re/TiO, (W), 350°C 42.9 1.6
Pt-Re/TiQ (Cl), 150°C 45.8 1.5
Re'* Re/Ti0, (WI), 150°C 45.6 1.3
Re/TiO, (W), 350°C 45.7 1.0
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9. CO-FTIR (Supplement)
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Figure S11: CO-FTIR spectra of a) Pt-Re/TiQLD) and b) Pt/TiQ (WI). Results from different
desorption temperatures (40 and 150 °C) are comptreexperiments without then situ
reduction step in sample pretreatment (“40°C, nducgon”). Spectra are presented after

baseline subtraction, without scaling.

The main text discussed the CO-FTIR spectra ofraéweono- and bimetallic catalysts. Bands at
2062 and 1794 cthas well as the red-side shoulder of the 2028 peak were attributed to CO
adsorption on Pt. Signals centered at 2028, 192D 18Y8 crif, on the other hand, were
associated with the formation of Re carbonyl. Thstinction of two sets of bands becomes even
more apparent during desorption experiments. Hgatin150 °C in flowing He (50 ml mih
leads to the nigh disappearance of signals asedciaith Pt-CO Figure Slla). Bands
associated with Re carbonyl undergo a milder redacind are thus dominant in the 150 °C
spectrum. Notably, this is in line with CO desaoptifrom monometallic Pt/Ti©(WI), which
was almost complete in a similar experiment at ASEFigure S11b). It also agrees with the

previously reported temperature-stability of sone darbonyl specid&?’ Moreover, all bands
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are slightly red-shifted at higher temperature sgag due to thermal activation of the C-O bond

and reduced CO surface coverage.

Lastly, the CO adsorption on Pt-Re/Bi@LD) and Pt/TiQ (WI) was also compared in
experiments withoun situ reduction of the catalyst in the FTIR measurencefit This led to a
modest reduction in band intensity for Pt/7iQVI), which might even be attributed to sample
thickness variation5.For Pt-Re/TiQ (LD), on the other hand, almost no CO adsorptias w
observed on the dried material. Moreover, the mostof the recorded low-intensity bands did
not match observations with the reduced materialisT the reduction of rhenium species in the

vicinity of Pt surfaces seems to have an impadherformation of Pt-CO bands.

10. Solvent-Effect on HESim Reduction

A pronounced solvent-effect has been reported jalrdgenation reactions with Pt-Re/%LiO
catalystd'® However, most literature systems operate in difulestrate solutions with organic
solvents.Figure S12 thus shows the effect of changing solvent in dil(it mol L*) conditions.
Both 2MTHF and DME lead to substantially reducedvarsion as compared to the aqueous
system. These solvents also shift the balance Nfv&: C-O hydrogenation in an unfavorable
direction and are therefore less suitable in threecti example. The observed solvent-effects can
have several origins, including changes in metaducdon and substrate/product

adsorption/desorption. A detailed distinction i$ possible at this stage. Lastly, a comparison of

! Wafers for experiments with and without reduciivetreatment have been prepared separately.
While the same mass of catalyst and KBr has beed umsall cases, slight variations between
samples cannot be excluded.
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concentrated and dilute aqueous conditions indcateeaction of zero order with respect to the

imide substrate (n(substrate)). This is in line with earlier reports for the/€ systent”
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Figure S12: Solvent-effect in HESim hydrogenation over Pt-R@4I(LD). Substrate dilution is
achieved by variations in the amount of solventlsthkeeping the substrate/catalyst ratio
constant (see recipe for HESim reduction, main)té&tonditions: 150 °C, 150 bar,H750 rpm,

1.5 g of dry MS 4A for organic solvents)

11.  Pressure-Dependence of HESim Hydrogenation

Other authof$™ have given an active site hypothesis for Pd-Re/SiBey found that activated
H, plays a role in the rate-determining step and dim#el this statement with the pressure-
dependence of the investigated reduction. For PTiRe (LD) n(p(H)) is likewise found to be
around unity Figure S13), indicating that hydrogen activation/activateddiogen plays an

important role. We would add that this allows foeveral explanations. For example,
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Pt-promoted Re reduction may play a role in thalgtt cycle. Alternatively, as proposed by
Takeda et al'¥ H, activated by heterolytic dissociation on Pt-Rex@y be needed for efficient

C=0 reduction.
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Figure S13: Pressure-dependence of HESim hydrogenation ovBeRtiO, (LD). (Conditions:

150 °C, 50-150 bar 51750 rpm)

12.  Dynamicsof Pt-Re/TiO, Catalysts

It should be noted that the catalysts of this weduld only be investigated at reaction
temperature in a controlled gas phase environnkwever, the presence of solvent (water) and
higher H pressure (50-150 bar) will also impact on theatestduring the reaction. In the
presence of water or oxygen alone, the Re comparfehe catalyst would surely oxidiZg; :®!

leading to deactivatioh? This is underlined by the necessity of protectiatmosphere and

organic solvents when working with monometallic Reluction catalysts, which lack the
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improved self-reduction properties provided by"PtYet, the oxidizing effect of water is
somewhat balanced by the presence gfribking it difficult to reach a final conclusiolm this
context, characterization of the spent catalystti@e 13) provides limited insight due to the
adjustment of Pt-Re systems to their current envirent!'® 1%

Some evidence for an intermediate Re oxidatioresitatthe active catalyst is provided by
reactions in organic solvents in the presence déoutar sieve, which removes water from the
reaction Figure S12). These conditions, which would favor a more catglreduction and
potentially even Pt-Re alloy formatiéi?! lead to substantial reductions in catalyst agtiv@n
the other hand, it has been shown that some egrfeRe reduction proceeds even in humid
atmospher&® Together, these observations combine neatly with itentification of an

intermediate reduction optimum for the activityRe&/TiO, hydrogenation catalys@ Since this

is circumstantial evidence, however, many resequastions of interest remain in this field.

13.  Characterization of Spent Catalyst

A spent and deactivated catalyst sample (Pt-Re/{lilD)) was collected after batch recycling
(see main text, Figure 4). Its characterization I6¥-OES returned a lower Re content as
compared to the fresh samplBable $4). The reduced Re content was well in excess of the
cumulative leaching of metal into the reaction solu (0.7 % relative= 0.1 wt %; see main text,
Figure 4). This gives further evidence for the rofecatalyst washing in the recycle procedure,
since the additional Re was likely leached at #hégye. It follows that Pt-Re/T¥dx) catalysts,
whilst being comparably resistant towards leachmgeducing atmosphere (see also CSTR
experiments, Figure 5), are prone to corrosion @xposed to oxygen. Consequently, a fraction

of Re on the catalyst becomes water-soluble. Pthemther hand, was found to resist leaching.
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Table $4: ICP-OES elemental analysis of fresh and batch tedyet-Re/TiQ (LD).

material  w(Re) [wt %] w(Pt) [wt %]
fresh 10.1 3.92
spent 8.14 3.94
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Figure S14: HAADF-STEM micrographs of a) fresh and b) batchyated Pt-Re/TiQ (LD).

davg,v is the volume-average diameter.

The same material was also subjected to TEM inyastins, which showed that the average size
of metal particles increased substantially in battycling Figure S14). Thus, the observed

decrease in catalyst activity will be due to a mtlinumber of active sites (see also Table 3,
main text) and less Pt-Re interaction due to leaghin this context, the latter may have an

influence on the former since a role of Re in thhibition of Pt sintering is discussed in
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literature!®> 22 It is noted that the presence of Re on JTi® likely crucial in generating a

well-dispersed metal phase in Pt-Re/T{0D) in the first place (see main text, section 5)

Lastly, TPR gives additional evidence for reduceeR® interaction in the spent catalyst

(Figure S15). In detail, B consumption features previously associated withiddection shifted

by up to +35°C as compared to the fresh matefais therefore possible, that partial

segregation of the two metals in a spent catalgstgers their joint catalytic action in HESim

reduction. However, the impact of organic adsorbdtem the reaction stage also deserves

contemplation.

TCD Signal [a.u.]

217°C
49°C 303°C
L
Re/TiO, (WI)
13°C 89°c
M I
11°C 53°C spent Pt-Re/TiO , (LD)

__M 281°C
L.

Pt-Re/TiO,, (LD)

-50 0 50 100 150 200 250 300 350

Temperature [°C]

Figure S15: TPR profile of spent Pt-Re/TyO(LD) as compared to the fresh material and

Re/TiO, (WI). The spent sample was derived from CSTR dmerand thus represents a case of

comparably mild deactivation.
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