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Selective hydrogenation of succinic acid (SA) is not an easy task especially toward y-butyrolactone

(GBL) which readily undergoes further hydrogenation. Herein, poly(N-vinyl-2-pyrrolidone)-capped
CuPd catalysts have been studied for the production of highly selective GBL from SA. The optimal
catalyst not only exhibited remarkable activity and stability but also preserved its efficiency even
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at a mild hydrogen pressure of 1 MPa and long recycling runs. The presence of PVP is proposed
to play a key role in maintaining high selectivity of GBL in various conditions. Although a strong
Cu—Pd interaction due to alloying formation is supposed to enhance the substrate adsorption, the
GBL production could only be maximized if the CuPd alloy nanoparticles were enriched with Pd sites

which are supposed to enhance the hydrogen activation.

1 Introduction

Heterogeneous metal nanoparticles (NPs) have been extensively
investigated for hydrogenation of succinic acid (SA) 2. The se-
lection of metal was determined as a essential factor for the cat-
alytic activity and selectivity to the target products. In general,
group VIII metals such as Pd, Pt, and Rh are favorably used for
hydrogenation reactions because H, can easily dissociated on the
partially occupied d-orbitals of these metals2. Therefore, the de-
velopment of heterogeneous catalysts for hydrogenation of SA has
typically been studied on the synergy for enhancing the product
yield and/or selectivity by combining a group VIII element with
additional metals!. For example, Shao et al. reported that the
monometallic Pd/C showed a low conversion of SA (48%) with
high y-butyrolactone (GBL) selectivity (94%)%. Depending on
the amount of added Re in the Pd-Re bimetallic catalysts, the
GBL yield can be improved (51-74%) which further converted
to tetrahydrofuran (THF) as the reaction time prolonged. The
structures and properties of metal NPs can be influenced by not
only additional metal species but also the catalyst support®. For
example, our recent study showed that the nature of support and
metal-support interaction played an essential role in the construc-
tion of CuPd NPs, inducing tunable activity and selectivity for the
SA hydrogenation®.

Since the efficient hydrogenation of SA to GBL is generally diffi-
cult to accomplish due to excessive hydrogenation or hydrogenol-
ysis reactions, the present study focuses on designing an effective
catalyst which can minimize the rate of non-target reactions. Pre-
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viously, several research focused on Pd-based catalysts for highly
selective GBL had been reported’-19. For example, Zhang et al.
indicated that beohmite nanosheets supported Pd catalysts can
promote SA hydrogenation to afford GBL with excellent selectiv-
ities of 94-97%2. Even with very low metal loading from 0.1 to
1 wt% Pd, conversion of SA up to 97% can be achieved. In this
research, however, elevated temperature (240 °C) and pressure
(6 MPa) are required. A study from Yakabi et al. revealed that the
SA hydrogenation can be proceeded at relatively mild conditions
(140-170 °C and 1.5-3 MPa), affording >90% selectivity of GBL
and <70% conversion of SA over the Pd/Al,O; catalyst 0.

In fact, we previously reported that the hydrogenation of SA
over the Cu/HAP monometallic catalysts can be used to afford
GBL with excellent selectivity!l. However, less than 20% con-
version of SA was achieved, which can be attributed to the in-
trinsically low reactivity of Cu for hydrogen activation and dis-
sociation 2. In addition, our recent work showed that the TiO,
supported CuPd bimetallic catalyst can enhance the catalyst activ-
ity for SA hydrogenation to GBL, affording a selectivity of 90% at
73% conversion of SA®. Nonetheless, it should be noted that the
uses of high loading amounts of metals (10 wt%) in those cases
posed several issues regarding metal leaching or agglomeration
during the recycling tests resulted in decreases in the catalytic ef-
ficiency and product selectivity. The issues can be addressed by
using a capping agent which is generally used in preparing and
stabilizing well-defined metal NPs13:14, In addition, selectivity
toward a certain product can be tuned in the presence of cap-
ping agent which is presumably due to the inhibition of substrate
accessibility to a specific sites 1°.

Given the potential of CuPd NPs for the hydrogenation of SA
to GBL, as discussed in our previous work®11 the effect of a
capping agent, i.e., poly(N-vinyl-2-pyrrolidone) (PVP) on the cat-
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alytic performance of HAP supported CuPd NPs has been investi-
gated in the present study. The catalysts were prepared using ex-
tremely low metal loadings (0.1 mmol) with the aim of enhancing
the atom efficiency which is an important factor in industrial ap-
plications. It is worth noting that CuPd alloy catalysts can be pre-
pared by different methods such as impregnation 1617 chemical
18,19 " and other novel methods2%-21. Herein, a polyol
reduction method using 2-ethoxyethanol as a reducing agent is
chosen because it requires simple metal sources as starting mate-
rials due to the water-comparable polarity of the polyols22. Fur-
thermore, compared to other reducing agents used for CuPd alloy
synthesis, such as sodium borohydride 1 and oleylamine 23, poly-
ols are generally safer to handle and become reductive at high
temperature?2. A calcium orthophosphate of the apatite fam-
ily named as HAP24, is selected as the catalyst support. It is a
nonporous material containing both weak acidic and basic sites,
which may help to overcome mass transfer limitations and pre-
vent side reactions?>. Furthermore, HAP has high specific area
and superior ion-exchanged capacity, and these natures lead to
their high capacities for both metal immobilization on the surface
and incorporation into its apatite framework 26:27,

reduction

The most promising catalyst was found by optimizing Cu:Pd
molar ratio at 40:60 and stabilizing by PVP with the average
molecular weight (M,,) of 40000 g mol~!. The catalyst offered
excellent activity and GBL selectivity even at very low hydrogen
pressure (1 MPa) while maintaining its productivity up to 5 con-
tinuous runs. Extensive investigation on catalytic performance
and characterization have been conducted and the roles of PVP
and metal species are properly discussed.

2 Experimental

2.1 Materials
All the chemicals used in this study are listed in Table S17.

2.2 Catalyst preparation

Poly(N-vinyl-2-pyrrolidone) (PVP)-capped Cudey supported on
hydroxyapatite (HAP), denoted as Cu,Pd,—PVP/HAP, were pre-
pared by polyol reduction method using PVP as a capping agent
and 2-ethyoxyethanol as a reducing agent2829. In a typical pro-
cedure, Cu(OAc),-H,0 (x mmol) and Pd(OAc), (y mmol) with
x+y= 0.1 mmol are dispersed with PVP in 2-ethyoxyethanol (50
mL) and refluxed at 140 °C for 2 h. Subsequently, HAP (1.0 g) is
added into the suspension which is further refluxed for another 1
h. The obtained solid is filtered and washed with deionized water
(3 L) before being dried under a vacuum at room temperature.

2.3 Catalyst characterization

The crystal structures of catalysts were studied by using Powder
X-ray diffraction (XRD) which was operated on a Rigaku Smart
Lab X-ray diffractometer (Rigaku Co.) with a Cu Ko radiation (A
= 0.154 nm) at 40 kV and 30 mA. The database of the Joint
Committee of Powder Diffraction Standard was used as refer-
ences for analyzing observed diffraction patterns. The textural
properties were examined using N,-adsorption/desorption on a
BELSORP-mini analyzer (MicrotracBEL Corp.). Surface areas and

2| Journal Name, [year], [vol.], 1-10

total pore volume are estimated based on the Brunauer-Emmett-
Teller (BET) theory. The morphologies of catalysts were acquired
by transmission electron microscopy (TEM) using H-7100 and
H-7650 microscopes (Hitachi) operated at 100 kV. X-ray pho-
toelectron spectra (XPS) were performed on an Axis-Ultra DLD
spectrometer (Shimadzu Co. and Kratos Analytical Ltd.) with
a monochromatic Al Ka (1486 €V) X-ray resource. The binding
energies (BE) were calibrated using the C 1s spectrum of adventi-
tious carbon contamination as an internal standard. XPS spectra
were processed and analyzed by using the XPSPEAK4.1 software.

X-ray absorption fine structure (XAFS) spectra were recorded
at the BLO7 stations of the SAGA light source under the pro-
posal nos. 1910092R and 2010015R. The storage ring was op-
erated at 1.4 GeV where Si (220) single crystals was used to
obtain monochromatic X-ray beams at Pd K-edge measurements.
The catalysts were measured in fluorescence mode with an ion-
chamber/SDD detector, while the references were measured in
transmission modes with ion-chambers. Analyses of X-ray absorp-
tion near edge spectra (XANES) and extended X-ray absorption
fine structure (EXAFS) were processed on the Athena and Artemis
software of the Demeter suite version 0.9.26.

2.4 Catalyst evaluation

A solution containing 1,4-dioxane (10 mL), SA (0.1 g) and the
reduced catalyst (0.1 g) was mixed in an inner glass vessel and
placed in a stainless-steels autoclave reactor (Taiatsu Technol.,
Japan). Before reaction the reactor was purged from the remain-
ing air, followed by pressurizing to a certain pressure by pure H,
(99.999%) at room temperature. The reactor was then placed
into an aluminum block heated prior at 200 °C under vigorous
stirring. After reaction the reaction mixture was centrifugated
and the products were analyzed by gas chromatography (GC, Shi-
madzu GC-2014) with a polar column (DB-FFAP, Agilent). The
GC column program was increased from initial temperature of 50
°C (keep for 2 min) to 240 °C (keep for 5 min) at a rate of 20
°C min~!. Whereas the temperatures at injection port and the
detector were 250 °C and 280 °C, respectively. The SA conver-
sion was analyzed by high-performance liquid chromatography
(HPLC, Water 2414) equipped with a refractive index detector.
An aqueous solution of H,SO, (10 mM) was used as an eluent,
which was pumped at a flow rate of 0.5 mL min~! through an
Aminex HPX-87H column (Bio-Rad) operated at 50 °C.

3 Results and discussion

3.1 Catalytic performance
3.1.1 Influence of capping agents on the performances of

HAP supported CuPd catalysts

In an attempt to search for a suitable capping agent, common
polymers including PVP, PVA, and starch were used to prepare
HAP supported CuPd catalysts. The prepared catalysts were em-
ployed for the hydrogenation of SA and the results are shown
in Figure S17. PVP, which is a weakly adsorbing stabilizer, was
emerged as a potential capping agent since the resulting cata-
lyst can accelerate the SA hydrogenation to GBL with excellent
yield. Whereas the catalyst prepared without capping agent or
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Fig. 1 Effect of molecular weight of PVP on the hydrogenation of SA
over HAP supported CuPd catalysts. Reaction conditions: SA (0.1 g),
CuygPdgo—PVP/HAP (0.1 g), 1,4-dioxane (10 mL), temperature (200
°C), H, pressure (8 MPa), reaction time (48 h). Note: Mono-1 (1-vinyl-
2-pyrrolidone), Mono-2 (1-ethyl-2-pyrrolidone).

with other stabilizing polymers exhibited extremely low activities,
which probably can be contributed to the metal agglomeration
during the catalyst preparation.

The effect of molecular weight (Mw) of PVP on the catalyst ac-
tivity and stability of various metals including Cu and Pd NPs has
been widely reported30-33, However, the influence of the chain
length of stabilizing polymer on the CuPd NPs remains elusive.
Therefore, herein, the catalytic activity of CuPd NPs as a function
of PVP Mw for the SA hydrogenation has been examined (Figure
1). It is observed that the increase in PVP chain length resulted in
better catalytic performance. This enhancement in the catalytic
activity might be attributed to the positive role of PVP in the for-
mation of well-defined CuPd NPs. As a result, a maximum yield of
GBL at 95% yield and 99% selectivity was obtained over the CuPd
NPs capped with PVP K30 (Mw = 40000). Further increasing the
chain length of PVP, however, caused adverse effects on the activ-
ity since the GBL started decreasing and lost 50% in the case of
CuPd NPs capped with PVP K90 (Mw = 360000). The negative
impact of long-chain polymers can be explained by the blocking
of active sites that limits the accessibility of the reactants?2.

3.1.2 Effect of Support on the Catalytic Performance of
PVP(K30) capped CuPd NPs

Various common supports have been used to investigate their
impacts on the catalytic performance of the PVP capped CuPd
NPs. Figure 2 indicates that HAP is the most suitable support for
achieving the superior catalytic performance (96% of SA conver-
sion with 95% of GBL yield). It is worth noting that in our pre-
vious reports the product selectivity over CuPd catalyst without
capping agent was varied depending on the support®1!., How-
ever, here with the presence of PVP, GBL was obtained as the main
product regardless of the catalyst support, implying the weaker
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Fig. 2 Influence of support on the activity of CuPd catalyst. Reaction
conditions: SA (0.1 g), catalyst (0.1 g), 1,4-dioxane (10 mL), reaction
temperature (200 °C), H, pressure (8 MPa), reaction time (48 h). 1-
butanol: BuOH

influence of support to the capping agent. Nevertheless, in terms
of catalytic activity and GBL selectivity, HAP represents the best
catalyst support due to its unique properties, i.e., coexistence of
weakly acidic and basic sites and ion exchangeability 2°—27, as dis-
cussed in the previous section. Whereas the lower activity and se-
lectivity in other catalyst supports may be ascribed to their lower
metal dispersions and/or the presence of strong acidic sites which
promotes side reactions. Note that the lower carbon balance in
these cases can be caused by the formation of gaseous products

via over-reduction, dehydration, or cracking reactions34.

3.1.3 Effect of Metal Ratio on the Catalytic Activity
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Fig. 3 Influences of metal ratio on the activities of Cu,Pd,—PVP/HAP
catalysts. Reaction conditions: SA (0.1 g), catalyst (0.1 g), 1,4-dioxane

(10 mL), temperature (200 °C), H, pressure (8 MPa), reaction time (48
h).
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It is noted that the non-capped CuPd NPs supported on HAP
catalyzed SA hydrogenation toward butyric acid (BA) or 1,4-
butanediol (BDO) with high selectivities, as reported in our pre-
vious research1!. However, by using PVP as capping agent, the
catalytic behavior fundamentally changed since only GBL was
observed. As also revealed in the previous work that the Cu
monometallic catalysts yielded GBL as a major product, the high
selectivity of GBL over PVP capped CuPd NPs suggests a par-
tial inhibition of Pd and an enhanced role of Cu. Therefore,
it is desirable to investigate the influence of metal ratio on the
catalytic activity of the Cu,Pd,—PVP(K30)/HAP. Figure 3 con-
firms the low activity of monometallic Cu as less than 5% yield
of GBL can be observed. Upon addition of Pd, the formation
of GBL increased and reached its peak at a yield of 94% over
the CuygPdgo—PVP/HAP. Further increasing Pd contents led to
the decreases in catalytic activity and selectivity since GBL yield
dropped dramatically to 30% over the monometallic Pd catalyst.
These results first indicate the importance of bimetallic catalysts
for the enhancement in catalytic activity and GBL selectivity, com-
pared to the monometallic ones. Second, the high selectivities of
GBL point out the significance of PVP in controlling the catalytic
selectivity by preventing both Cu and Pd sites from further reduc-
tion to BDO and hydrolysis to BA, respectively.

The reactions over catalysts with higher metal loading were
performed as indicated in Figure S27. It is observed that PVP
can maintain its impact even at relatively high metal loading.
Since the CuyyPdg,—PVP/HAP, which contains the greater frac-
tion of Pd, was used, BA with small quantities can be observed at
higher metal loadings (< 0.5 mmol). However, a small fraction
of BDO was only formed over the Cu,,Pds,—PVP/HAP with a
significantly high metal loading of 1 mmol. This result can be at-
tributed to the low reactivity of Cu species in comparison with the
precious metal Pd. A doubled amount of catalyst can yield BDO
with greater selectivity, however, GBL is still maintained as the
dominant product. It is also noted that when metal loading was
greatly increased, Cu seemed to take over the role of Pd since no
BA was detected. This might suggest changes in the CuPd struc-
tures or morphologies.

3.1.4 Influences of reaction conditions on the catalytic per-
formance

The hydrogenation of SA is a complex reaction consisting of
several pathways towards different products, which strongly de-
pends on the choice of reaction conditions such as temperature
and H, pressure. A review from Delhomme et al. summarized
that temperatures above 150 °C are generally required to obtain
optimal performance of SA hydrogenation!. On the other hand,
according to the results from our previous work!!, the GBL for-
mation was favorable at a lower temperature than 200 °C. Thus,
the reaction temperatures in a range of 150-200 °C were used to
carry out the reaction over the present catalyst. The effect of tem-
perature on the overall reaction performance are demonstrated in
Figure 4A. The results, however, show that at the lower reaction
temperature, the GBL yield reduced significantly to just above
30% and less than 5% at 180 °C and 150 °C, respectively. This
might be ascribed to the small amount of metal loading and the
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negative impact of PVP on the active site, which requires greater
activation energy, compared to that over the CuPd catalysts with-
out capping agent!l.

The influence of H, pressure for the current reaction was ex-
amined and the results are shown in Figure 4B. In comparison
with the productions of BDO and THF which typically require
high pressures of H, due to the needs of 8 hydrogen atoms for 2-
step hydrogenation from SA, the formation of GBL require only a
half of the hydrogen consumption. As a result, lower H, pressure
might be sufficient for the GBL production. A previous research
reported that 3 MPa of hydrogen can catalyze SA hydrogenation
to afford GBL with greater than 90% selectivity and less than 70%
SA conversion19. The present work has recorded even milder hy-
drogen pressure, i.e, 2 MPa, which efficiently converted SA to GBL
with 95% selectivity at 84% SA conversion. The excellent selec-
tivity can be maintained at a lower pressure of 1 MPa, however,
the SA conversion slightly decreased to about 70%. An attempt
to further reduce the H, pressure to as low as the atmospheric
pressure has been made but was unsuccessful since no GBL can
be detected. There might be two important factors, i.e, H, disso-
ciation and diffusion, that attribute to the efficiency of catalytic
performance at relatively low hydrogen pressure. For example,
the presence of PVP first can help to enhance the metal disper-
sion which subsequently increases the hydrogen adsorption and
diffusion in the metal surface. Second, as reported in both prac-
tical 35 and theoretical 3® methods, PVP can also serve as an elec-
tron donor which increases the electron density around the Pd
atoms, facilitating the H,, dissociation step.

3.2 Catalyst Characterization and Structure-Activity Rela-
tionship

3.2.1 Influence of metal ratio on the sizes of CuPd NPs

As indicated in Figure 5, the CuPd NPs show small sizes ranging
from 1.9 to 3.7 nm. NPs with larger diameters of 3.8 nm and
4.7 nm can be observed in the monometallic catalysts Pd and Cu,
respectively. The variation in sizes among these samples suggests
that NP size depends mainly on the nature of metals and the ratio
between them. To some extent, PVP can enhance the immobiliza-
tion efficiency due to the binding affinity to the metal surface3’,
which resulted in well-dispersed NPs in the prepared catalysts.
However, it seems that at the early steps of polyol process, PVP
was unable to control the particle size of the catalyst with high Cu
contents. Indeed, in the cases of Cug, and Cu,, catalysts, non-
uniform particles, i.e., broad size distributions, were observed.
Nonetheless, in the later steps of particle growing when particles
grew to a certain size, the presence of PVP helped to minimize
the metal agglomeration. For examples, although large particles
can be observed in the Cug, and Cu,,, the average sizes are less
than 5 nm in average, compared to that of the catalyst without
PVP (Figure S3t).

The XRD patterns of the catalysts and references were plotted
in Figure S47. It is observed that the diffraction lines of all the
samples resemble the pattern of HAP. No diffraction peaks corre-
sponding to the Cu or Pd metal references can be detected even
in the cases of monometallic catalysts. These results can be con-
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tributed to the low amount of metal loaded and the stronger XRD
intensity (crystallinity) of the HAP support. In order to clarify
the interaction between Cu and Pd, the unsupported catalyst was
prepared and measured by XRD. Figure S51 shows that the lat-
tice parameter (3.74 A) for the CuyoPdg,—PVP/HAP catalyst lies
between the values for Pd (3.96 A) and Cu (3.62 A) references,
indicating the alloying formation between these two metals.

N, adsorption/desorption results are shown in Figure S67,
which is also consistence with the results obtained by XRD. Ac-
cordingly, a type II adsorption/desorption isotherm, which is
characteristic nonporous materials, is observed in both the bare
support and the CuyoPdg,—PVP/HAP catalyst. In addition, there
is no significant difference in the total volume (V),) and surface
area (Sggr) between the support and catalyst, indicating that
the HAP structure was preserved after metal loading and small
amount of metal with well-dispersed NPs were deposited on the
surface of the support.

3.2.2 Electronic structures and metal interactions

XPS was performed to determine the surface composition, elec-
tronic properties, and the interaction between Cu and Pd. Figure
6A demonstrates the spectra at Cu 2p region where Cu 2p3, and
Cu 2p;/, components can be observed at 933 eV and 953 eV, re-
spectively, due to spin-orbit splitting. The deconvoluted peak at
Cu 2p;, indicates the presence of Cu® (~933 V) as a dominant
phase. While in some cases, Cu?* (~935 €V) can be involved in
the fits due to partial oxidations during the XPS sampling. Sim-
ilarly, XPS spectra at 3d region can be characterized by Pd 3ds
and Pd 3d3/, components at about 335 eV and 340 eV, respec-
tively (Figure 6B). The XPS peak at Pd 3ds, region can be fitted
with Pd® and Pd%* components at about 335 eV and 336-337 €V,
respectively. It is noted that the best fit for Cu,yPdg,—PVP/HAP
catalyst showed the surface exposure of only metallic Pd species,
indicating its strong resistance to oxidation. Detailed informa-
tion about the exposed surfaces and their binding energies of

the Cu,Pd,—PVP/HAP catalysts can be found in Table S37. Ac-
cordingly, BE shifts of 0-0.4 €V to lower values can be observed
in the Cu® 2p; /2 of the bimetallic catalysts with respect to that
of the monometallic Cu catalyst. Whereas positive BE shifts of
0.3-0.5 eV were estimated at Pd® 3d; /2 compared to that of the
monometallic Pd catalyst. These shifts suggest charge transfers
from Pd to Cu resulting from strong interaction, i.e., alloying,
between these two metals383%. It is worth mentioning that the
direction of charge transfer in this case is opposite to what was
observed in the HAP supported catalysts without capping agent
in our previous study!!. This can further emphasize the strong
impacts of PVP to the net-charge flow between Cu and Pd and
then to the electronic structure of the whole catalyst system.

Figure 7A describes XANES spectra of CudenyVP/HAP cat-
alyst at Pd K-edge. In all samples, white lines are not observed
indicating the prevalence of Pd in the metallic state. However,
the first neighboring peaks in these catalysts are lower in inten-
sity compared to that of the Pd foil, suggesting the existences
of pd%+ components. Linear combination fitting (LCF) was then
performed to qualitatively determine the oxidation states of Pd
(Figure 7B). The fraction of Pd%* in the Cu,,Pdg catalyst is sub-
stantially larger than that of the others. These results can be ratio-
nalized by referring to the NP size of this sample. Particularly, as
revealed by TEM (Figure 5), the constructed NPs in this sample is
extremely small compared to others resulted in the enhancements
of specific surface area and metal-oxygen coordination. There-
fore, the lowest fraction of Pd?" in the Cu,oPd, catalyst can be
attributed to not only the stability of Pd-Cu bonding but also the
larger NPs which are hard to be oxidized completely when expos-
ing to the air after reduction. Despite the fact that more Pd-Cu
bonds can be formed upon addition of Cu, the dominance of Cu
contents in the bimetallic catalysts can result in larger Pd** com-
ponents due to the migration of oxygen from CuO-Pd interface
to Pd49. As a result, the metallic contents of Pd decreased in the
CugyPd,, and CugyPd, catalysts.
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Table 1 Fitting results at Pd K-edge for Cu,Pd,—PVP/HAP

Sample  CNpgps  CNpicy Rpapd A) Rpgcy (A)
Pd foil 12 - 2.74 -
Pdyy,  6.1+09 . 2.74 .
Pdg, 3.2+ 0.4 . 2.72 .
Pd60 47+06 14+0.5 2.71 2.66
Pd40 3.0+0.2 21+02 2.68 2.59
PdZO 25+0.7 22+0.7 2.69 2.61

The k3-weighted EXAFS spectra indicate slight decreases in the
x (k) signal amplitude for the oscillation peak at about 2.5 A upon
increasing of Cu contents (Figure S77). These peaks are broad-
ened and shifted to higher k values compared to the Pd reference.
This observation indicates the decreases in the average Pd-Pd
CNs which could be substituted by Pd—Cu and/or Pd-O coordi-
nations in the bimetallic catalysts.

The Fourier transform (FT) EXAFS spectra of raw and fitted
data at Pd K-edge for the CuXde—PVP/HAP catalysts are visu-
ally demonstrated in Figure 8. While the details on the coor-
dination number (CN) and atomic distance (R) are listed in Ta-
ble 1. The peaks corresponding to Pd—Pd appeared at about 2.5
A, whereas adjacent peaks at about 2.2 A representing Pd—Cu
bonding can be observed in the bimetallic catalysts. Except for
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the Cu,,Pdg,—PVP/HAP which contains a small amount of Cu,
Cu can be involved in the fits of other bimetallic catalysts. The
fitting results indicate that CN of Pd—Cu increased with the ad-
dition of Cu content, which confirms the strong interaction be-
tween Cu and Pd as a result of alloying formation. CNs revealed
by EXAFS also provide useful information pertaining to the com-
positional of bimetallic NPs#!. In the three samples (Pdy, ¢,)
whose Pd-M (M = Pd, Cu) can be estimated, it was observed
that % > %f, where the right-hand side represents the the-
oretical ratio of bulk concentration of Pd and Cu in the samples.
This result suggests that either the intra-particle or inter-particle

segregation is present in these alloy NPs#2.

Given the superior catalytic performances of bimetallic cata-
lysts compared to the monometallic ones (Figure 3A), CuPd al-
loying are proposed to be a prerequisite factor. In particular, the
charge transfers from Pd to Cu might lead to positive Pd sites
which enhanced the adsorption of SA. However, it seems that it
is not sufficient to obtain an excellent yield of GBL because, for
example, greater alloying degrees in Pd,, and Pd,, cannot help
them in enhancing the GBL yield. Therefore, there must be an-
other factor that is responsible for this. It is worth noting that
the Pd-Pd ensembles remained as a comparable phase to the Pd—
Cu. The decreases of Pd-Pd CN from 4.7 to 2.5 are found to
be aligned with the reduction of GBL in the bimetallic catalysts.
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Fig. 6 Deconvoluted XPS spectra of Cu,Pd,—PVP/HAP catalysts at (A) Cu 2p and (B) Pd 3d regions

According to Yang et al., the adsorption energy of hydrogen on
the Pd;Cu;(111) is lower than on the Pd(111)“3, which can be
attributed to the unsuitable geometries due to larger Pd—Pd dis-
tance 4. In other words, the efficiencies of hydrogen adsorption
and dissociation might be lower on the CuPd alloying sites than
on the Pd sites, which is possibly responsible for the decreases in
catalytic activity. Therefore, it is suitable to propose that in terms
of the catalytic activity, Pd rich CuPd alloying NPs are necessary
and sufficient conditions for the optimum efficiency of GBL pro-
duction.

3.3 Catalyst stability

To evaluate the catalyst stability, the used catalyst was washed
with 1,4-dioxane (4 x 5 mL) and dried in a vacuum before
using for the subsequent run. In terms of GBL yield, the
CuyoPdg,—PVP/HAP shows excellent reusability for up to 5 con-
secutive runs (Figure 9A). However, the GBL selectivity gradually
decreased during the recycling tests where just about 79% could
be obtained in the fifth run. To compare the structure with the
fresh catalyst, the used catalyst was then characterized by XAFS.
The FT EXAFS of raw and fitting data at Pd K-edge are shown
in Figure 9B and Table S2, while XANES and k3-weighted EXAFS
spectra are presented in Figure S87. According to the fitting re-
sults in R space, the Pd-Pd CN of the used catalyst is 2.7 + 0.6,
which is lower than that of the fresh one (4.7 £ 0.6). It is noted
that CN of Pd—Cu increased after recycling runs, particularly from
1.4 £ 0.5 in the fresh catalyst to 2.2 £+ 0.5 in the used catalyst.
This can be contributed to the decrease in the Cu-O coordination

due to the reduction during the reaction. As a result, more Cu
is available to be coordinated with Pd. In addition, as shown in
Figure S8AT, a stronger white line can be observed in the fresh
catalyst, which indicates a higher valance state of Pd compared
to that of the used catalyst. The lower valence state of Pd in the
used catalyst can be attributed to the in-situ reduction by hydro-
gen during the reaction. These results, in combination with the
previous discussion, indicates that Pd—Pd coordination is crucial
not only for optimizing the GBL yield but also its selectivity. Nev-
ertheless, considering the fact that the Cu,yPdgy and CugyPdy,
catalysts have a similar Pd-Pd CN but the GBL selectivity over
the latter is higher, it is concluded that both Pd—Pd and Pd—Cu is
necessary for efficient production of GBL.

3.4 Flow reactor activity tests

The reaction under low hydrogen pressure that is available in the
batch reaction opens up a possibility to carry out the SA hydro-
genation using a flow reaction system (Figure S97). As presented
in Figure 10, the GBL yield of 17-18% can be maintained for 12
h at 0.5 MPa. According to the initial result herein along with the
results obtained in batch reactor, it is believed that the GBL yield
can be enhanced by increasing hydrogen pressure and optimizing
other reaction parameters.

4 Conclusion

In conclusion, a highly efficient PVP-capped CuPd catalyst con-
structed on HAP was discovered for selective hydrogenation of SA
to GBL. The capping agent PVP played an important role in con-
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trolling the GBL selectivity by preventing further hydrogenation
or other side reactions. While low activities could be observed
in the monometallic catalysts, the reaction over the optimized
CuyoPdg,—PVP/HAP catalyst exhibited remarkable enhancement
in the production of GBL. XPS revealed a strong interaction be-
tween Cu and Pd leading to unique properties of the bimetallic
catalysts. XAFS suggested the metallic Pd that exists close to the
Cu-Pd alloying phase as a prominent factor to afford remarkable
activity in the optimized catalyst. The catalyst was able to per-
form at low hydrogen pressure from 1 MPa while maintaining
high selectivity of GBL (>90%). Also, together with the remark-
able reusability and possibility for flow reaction, the present cat-
alyst is potentially available for hydrogenation of not only SA but
also other oxygen-rich biomass resources from laboratory to in-
dustrial scale.
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