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Introduction

Boosting the catalytic performance of graphene-
supported Pt nanoparticles via decorating with
—SnBu,,: an efficient approach for aqueous hydro-
genation of biomass-derived compounds+

3@ Christian Cerezo-Navarrete, () *@
*a,b

Adrian Garcia-Zaragoza,
Pascual Ofia-Burgos (2 ® and Luis M. Martinez-Prieto

The pursuit of new catalysts for the aqueous transformation of biomass-derived compounds under mild
conditions is an active area of research. In the present work, the selective hydrogenation of 5-hydroxy-
methylfurfural (HMF) to 2,5-bishydroxymethylfuran (BHMF) was efficiently accomplished in water at 25 °C
and 5 bar H; pressure (after 1 h full conversion and 100% selectivity). For this, a novel nanocatalyst based
on graphene-supported Pt NPs decorated with Sn-butyl fragments (-SnBu,,) has been used. More specifi-
cally, Pt NPs supported on reduced graphene oxide (rGO) were functionalized with different equivalents
(0.2, 0.5, 0.8 and 1 equiv.) of tributyltin hydride (BuzSnH) following a surface organometallic chemistry
(SOMC) approach. The synthesized catalysts (Pt@rGO/Sn,) were fully characterized by state-of-the-art
techniques, confirming the presence of Sn-butyl fragments grafted on the platinum surface. The higher
the amount of surface —SnBu,, the higher the activity of the catalyst, reaching a maximum conversion
with Pt@rGO/Sng g. Indeed, the latter has proven to be one of the most active catalysts reported to date
for the aqueous hydrogenation of HMF to BHMF (estimated TOF = 666.7 h™). Furthermore, Pt@rGO/
Sng g has been demonstrated to be an efficient catalyst for the reduction of other biomass-derived com-
pounds in water, such as furfural, vanillin or levoglucosenone. Here, the catalytic activity is remarkably
boosted by Sn-butyl fragments located on the platinum surface, giving a catalyst several times faster than
non-functionalized Pt@rGO.

selectivity while maintaining the activity. An interesting strat-
egy to modify the MNP reactivity is through the functionali-

From its first conception, the use of metal nanoparticles
(MNPs) in catalysis has attracted the attention of the scientific
community as they combine the main advantages of hetero-
geneous (i.e. recyclability and stability) and homogeneous (i.e.
high activity) catalysts." Due to their small size, high active
surface area and particular electronic configuration, MNPs are
highly active catalysts.> However, the large number of surface
active sites of different nature makes it difficult to precisely
control the selectivity of MNPs in catalysis.” Therefore, one of
the major challenges in catalysis with MNPs is to control their
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zation of the materials used as supports (i.e. silicas, metal
oxides or graphene materials).* The introduction of new active
sites that can work in a collaborative way with MNPs is an
efficient way to modulate their catalytic properties. For
example, in a recent study it was observed that the inclusion of
nitrogen groups into reduced graphene oxide (NH,-rGO)
increases the activity and selectivity of graphene-supported
MNPs in the hydrogenation of fatty acids to alcohols.” Another
effective way to control the catalytic behaviour of MNPs is the
incorporation of a second metal,® since it modifies the elec-
tronic and geometric characteristics of MNPs.” Among the
many examples described in the literature,® our group has
recently studied how the metal composition of bimetallic PtRu
alloy-type nanoparticles (NPs) considerably influences their
reactivity in hydrogenation reactions.’ A further possible way
to modify the electronic and steric properties of MNPs is
through surface ligands. As well as in organometallic com-
plexes, surface ligands are able to modulate MNP catalytic pro-
perties.'® However, since these coordinating ligands partially
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block surface active sites, it is necessary to find a compromise
between the number of surface ligands and the reactivity of
the catalyst. In any case, the functionalization of supported
MNPs with organic molecules has been demonstrated to be an
excellent tool to control their activity/selectivity."' For example,
Pieters et al. reported a notable enhancement in the selectivity
of carbon-supported Ru NPs in H/D isotopic exchange reac-
tions after their functionalization with N-heterocyclic carbene
(NHC) ligands."” Interestingly, surface modifications not only
produce an improvement in selectivity, but also are able to
increase the MNP stability, as was recently reported on gra-
phene-supported Ru NPs functionalized with pyrene-tagged
NHC ligands.”

Controlling the formation of well-defined active sites by
surface organometallic chemistry (SOMC) is a well-studied
technique since the early 80s.'* SOMC is based on generating
well-defined surface species by grafting with an organometallic
complex the surface of oxides or metals."” In this way, it is
possible to precisely control the density and coordination
environment of metal centers and produce heterogeneous cat-
alysts with well-defined catalytically active sites.'® These metal
centers can be further modified through subsequent treat-
ments aiming for higher activity, selectivity and robustness.
The SOMC methodology has been used in a wide range of cata-
Iytic reactions, such as alkane or olefin metathesis,"” epoxi-
dation of alkenes,'® Baeyer-Villiger oxidation,'® dehydrogena-
tion of propane,® and many others.>" For example, Basset
et al. have efficiently employed bimetallic Pt-Sn NPs obtained
by SOMC for the selective dehydrogenation of propane.*” The
great activity and selectivity of this bimetallic catalyst are
mainly due to two promoting effects of tin: (i) electron transfer
to the Pt 5d band that generates electron-deficient Sn atoms
close enough to electron-rich Pt atoms and makes the surface
of the nanoparticles more reactive;>* and (ii) a geometric effect
produced by Sn species at the platinum surface that isolates Pt
atoms into small ensembles and prevents non-desired side
reactions.”*

From a sustainable point of view, the production of fine-
chemicals from biomass-derived products through catalytic
transformations is essential for the future of our planet.”®
Among the many platform molecules, 5-hydroxymethylfurfural
(HMF) is identified as one of the most important due to its
easy obtention by thermal or chemical treatment of biomass.>®
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HMF is composed of a furan ring and two oxygenated func-
tional groups (-OH and -CHO), and thus the molecule can
undergo several catalytic transformations to obtain high-added
value products, such as oxidation, hydrogenation, hydrodeoxy-
genation or decarbonylation.?” Specifically, the selective hydro-
genation of HMF to produce 2,5-bishydroxymethylfuran
(BHMF) is an attractive transformation due to the many appli-
cations that BHMF has as a building block or precursor to the
production of other high-value chemicals.®® Although the
selective hydrogenation of HMF to BHMF has been recently
reported using green solvents,> the majority of these catalytic
transformations are carried out in organic solvents since most
catalysts are not compatible with water.?® Therefore, carrying
out the selective hydrogenation of HMF in water under mild
conditions is always a challenge.

Herein, we present Pt NPs supported on reduced graphene
oxide (rGO) functionalized with different equivalents (equiv.)
of tributyltin hydride (BuzSnH). The SOMC approach allowed
the selective deposition of Sn complexes on the Pt surface. The
synthesized catalysts (Pt@rGO/Sn,) were fully characterized by
state-of-the-art techniques, revealing the presence of Sn-butyl
fragments (-SnBu,) on the platinum surface. The catalytic
activity of Pt@rGO/Sn, has been evaluated in the aqueous
hydrogenation of biomass-derived compounds (e.g. HMEF)
under mild conditions (5 bar H, and 25 °C), achieving excel-
lent results in terms of activity and selectivity due to the pro-
moting effect of Sn.

Results and discussion

Synthesis, characterization and surface studies

Pt NPs supported on rGO (Pt@rGO) were synthesized and later
functionalized with the organometallic tin complex Bu;SnH
(Pt@rGO/Sn,), following a two-step synthetic route (Scheme 1).
First, through organometallic synthesis, Pt NPs with high con-
centrations of hydrides on their surface were directly generated
on rGO (Pt@rGO). For this, the organometallic precursor Pt
(NBE); (NBE = norbornene) was decomposed in a controlled
manner under 3 bar of H, in a THF dispersion of rGO. In a
second step, and with the intention of modifying the catalytic
properties of the Pt NPs, Pt@rGO was functionalized with
different equivalents of BuzSnH (Pt@rGO/Sn,; x = 0.2, 0.5, 0.8

(ii) BuzgSnH
_—
(0.2,0.5, 0.8, 1 equiv.)

Pt@rGO/Sn,
(X=0.2,05,080r1)

Scheme 1 Two-step synthetic route of Pt@rGO/Sn, (x = 0.2, 0.5, 0.8 and 1 equiv.) based on the organometallic synthesis of Pt@rGO and the sub-

sequent functionalization with BuzSnH by SOMC.
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and 1 equiv.) following an SOMC approach. More specifically,
Bu;SnH was added into a THF suspension of Pt@rGO and
stirred at room temperature (r.t.) for 24 h (Scheme 1). The Sn
complex selectively reacts with the hydride surface-enriched Pt
NPs to produce Pt@rGO/Sn,. After analyzing the reaction
atmosphere resulting from the Pt@rGO/Sn, synthesis by gas
chromatography (GC), the released butane was clearly detected
(see ESI section S2, Fig. S1b¥), suggesting that the organotin
complex is grafted at the platinum surface as Sn-butyl frag-
ments (-SnBu,), as previously observed in similar reported
systems.””> This butane comes from the hydrogenolysis of
BusSnH by hydrogen chemisorbed at the Pt NP surface. The
metal contents of Pt@rGO and Pt@rGO/Sn, were determined
by inductively coupled plasma optic emission spectroscopy
(ICP-OES) analysis employing an optimized digestion method
(for more details see the Experimental section).’" In all cases,
ICP-OES analysis revealed platinum contents close to the
theoretical value of 3 wt% (see ESI section S3, Table S21). On
the other hand, tin contents of Pt@rGO/Sn, were lower than
the theoretical ones, indicating that not all the Sn complex
used during the synthesis was finally incorporated into the
platinum surface (see ESI section S3, Table S2%). It was
observed that as the number of equivalents of Bu;SnH added
increases, the Sn % incorporated is lower. For example, for
Pt@rGO/Sn,, the real number of equiv. of Sn is 0.16 instead
of 0.2 (80% of Sn is incorporated), while for Pt@rGO/Sn, it is
0.33 instead of 1 (33% of Sn is incorporated). This is most
likely due to the increased steric hindrance caused by the
higher number of surface Sn-butyl fragments in Pt@rGO/Sn;.
The lower incorporation of -SnBu,, was confirmed after analys-
ing the mother liquors resulting from the synthesis of
Pt@rGO/Sn, by ICP-OES. In all cases, the remaining Sn was
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found in the mother liquors, proving that the non-incorpor-
ated tin fragments were ultimately eliminated by washing with
THF during the purification process.

The resulting platinum catalysts were characterized by
Transmission Electronic Microscopy (TEM) and High-
Resolution TEM (HRTEM). The TEM micrographs of unmodi-
fied Pt@rGO and functionalized Pt@rGO/Sn, revealed the for-
mation of spherical, monodisperse and well-distributed nano-
particles (see Fig. 1 and S2-S4, see ESI section S4f) in all
cases. Negligible differences in terms of morphology or distri-
bution size were observed. For example, Pt@rGO NPs present a
mean diameter of 2.3 + 0.7 nm (Fig. 1a), whereas those NPs
functionalized with 0.8 equiv. of Bu3SnH exhibit a mean size
of 2.1 + 0.5 nm (Fig. 1b). The HRTEM image of Pt@rGO
(Fig. 1c) shows NPs with a characteristic face-centered cubic
(fec) structure of bulk platinum. The same crystalline structure
was observed for the tin-functionalized catalyst, Pt@rGO/Sn, g
(see Fig. 1d). High-angle annular dark-field scanning trans-
mission electron microscopy coupled with energy-dispersive
X-ray spectroscopy (HAADF-STEM EDX) of the tin-functiona-
lized systems confirmed the presence of Sn exclusively on the
platinum surface. In all cases, the tin was selectively deposited
on the Pt NPs avoiding its accumulation on the graphene
support (Fig. 1e and Fig. S11, see ESI section S5t). The hydro-
genolysis of the organotin complex was preferentially produced
by the hydrides chemisorbed at the Pt NP surface, as pre-
viously observed.”” Thus, this SOMC approach causes the
selective grafting of Sn-butyl fragments onto the Pt surface.
Furthermore, by HAADF-STEM EDX the number of Sn equiva-
lents on the platinum surface was also determined. The
number of Sn equiv. observed by EDX is close to the values
obtained by ICP-OES (see ESI section S3, Table S2). Such

23+0.7nm

16 20 24 28 32
Size (nm)

© 2.1+0.5nm

g8

Number of NPs
-4

3

12 16 20 24 28 32
Size (nm)

All Elements
u- | Ptlal
~ Salal
18-
8 H
T g
0 m./,\/\.m ».../1\5«.,“
o 10 20
n of
Element k Factor wt% :
equiv.
Pt 1.178 88.1 1
Sn 1 119 0.222
Total 100

Fig. 1 TEM micrographs and size histograms of (a) Pt@rGO and (b) Pt@rGO/Sng g. (c) Fourier analysis applied to an HRTEM micrograph of Pt@rGO,
which displays reflections to the (111) and (020) atomic planes and correspond to the d-spacing values of 2.23 A and 1.96 A, respectively. (d) HRTEM
image of Pt@rGO/Sno g showing a lattice fringe spacing of 2.23 A that corresponds to the Pt (111) crystal plane of metallic Pt. Both HRTEM images
reveal the presence of crystalline Pt NPs retaining the fcc structure. () HAADF-STEM image and relative composition profile of Pt@rGO/Sng g deter-

mined by EDX.
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results confirm the good deposition of -SnBu, over the plati-
num surface during the second synthetic step due to the use
of the SOMC approach.

Raman spectroscopy is an established tool to investigate
the quality of graphenic materials (defects, exfoliation degree,
sp® character, etc.). Thus, rtGO, unmodified Pt@rGO and func-
tionalized Pt@rGO/Sn,y g were all analyzed by this characteriz-
ation technique. The Raman spectrum of rGO showed two
well-differentiated domains, one located between 1200 and
1700 cm™" and another one from 2500 to 3250 cm ™" (see ESI
section S6, Fig. S14 and S15t). The first domain contains two
bands of similar intensities at 1356 and 1594 cm™, which
correspond to D and G bands, respectively. The second domain
located at ca. 3000 cm™" (band 2D) is typically associated with a
few layers of graphene (1-2 layers). The ratio between the inten-
sities of the D/G bands (Ip/Ig = 1.54) is related to a high percen-
tage of defect sites, which are excellent anchoring points for
MNPs.>? After the incorporation of Pt NPs on rGO (Pt@rGO),
the Raman spectrum did not show any significant differences
(see ESI section S6, Fig. S147). Only a slight decrease of the ratio
Ip/I was observed (from 1.54 to 1.48), which is an indication of
the decrease of the number of defect sites on the graphene
material due to their interaction with the noble metal. Finally,
after the surface modification with 0.8 equiv. of the organo-
metallic complex (Pt@rGO/Snyg), no significant differences
were observed with respect to Pt@rGO.

X-ray Photoelectron Spectroscopy (XPS) has been recently
demonstrated to be an appropriate technique to study the
coordination mode of surface molecules on metal nano-
particles.?® Thus, the chemical state and coordination of the
Sn-butyl fragments at the platinum surface were investigated
by XPS. The Sn 3ds, signal for Bu;SnH shows a binding
energy (BE) of 485.3 eV, which agrees with reported values of
similar Sn(v) alkyl/aryl complexes.>® On the other hand, the
Sn 3ds), signal of Pt@rGO/Sn,g exhibits a higher BE value
(485.8 eV), which means that Sn is little more oxidized and
indicates that tin-butyl fragments are coordinated to the plati-
num surface through the Sn atoms (Fig. 2a). The BE of Pt 4f;),
in the XPS spectrum of Pt@rGO/Sny g is 71.5 eV (Fig. 2c). This

_______________ Ptaf
°) Pt 4f,,
Pt@rGO/Snyg Pt/Sn, Bu;SnH (71.5eV)
(485.8ev)  Bu;SnH (485.8 &V) (485.3 eV) Ptafy, |
\ (485.3 eV) ] (74.8eV) |
T R e R
488 484 480 488 484 480
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Fig. 2 Left: (@ and b) X-ray photoelectron spectroscopy (XPS) spectra
showing Sn 3ds,, signals of Pt@rGO/Sngg (red), Pt/Sn, (green), and
BuzSnH (blue). Right: (c) Pt 4f signals of Pt@rGO/Sng s.
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signal presents two contributions: (i) a main one located at
71.4 eV is assigned to Pt(0), and (ii) an additional contribution
at 72.6 eV, which can be attributed to the partially oxidized Pt
surface atoms (Pt>"). Here the amount of Pt(0) is higher than
in the non-functionalized material (Pt@rGO) (see ESI section
S8, Fig. S17bt), which confirms that the Pt is little more
reduced after functionalization with -SnBu,,.

Due to the opacity and conductivity of graphene-supported
Pt NPs, their surface chemistry could not be investigated by
infrared and solid-state MAS-NMR spectroscopic techniques.
Thus, in order to better understand the location, chemical
nature and coordination of the -SnBu,, fragments on the metal
surface, non-supported Pt NPs directly stabilized with Bu;SnH
were prepared as the reference material.

Colloidal Pt NPs ligated by 2 equiv. of BuzSnH (Pt/Sn,) were
synthesized following the same organometallic synthesis of
the first step of Scheme 1, but using the organotin complex
BuzSnH as a stabilizer instead of rGO (Scheme 2). Here, the
released butane was also identified by analyzing the reaction
atmosphere just after the synthesis of Pt/Sn, (see ESI section 2,
Fig. S1at). This confirms that the Sn-alkyl fragments produced
by hydrogenolysis of BuzSnH at the platinum surface are
enough to stabilize these non-supported Pt NPs.

The TEM and HRTEM images of Pt/Sn, showed small, crys-
talline, and well-distributed Pt NPs with a narrow size distri-
bution (i.e. 1.6 + 0.5 nm) (see ESI sections S4 and S5, Fig. S5
and S12,} respectively). The crystalline structure and NP size of
Pt/Sn, were confirmed by X-ray powder diffraction (XRD) (see
ESI section S9, Fig. S18t). ICP analysis of Pt/Sn, revealed a
platinum content of 49.2 wt% and a tin content of 34.7 wt%,
which correspond to the real incorporation of Sn of 1.15
equivalents. The presence of -SnBu, fragments at the Pt
surface was confirmed by EDX analysis (see ESI section S5,
Fig. S137). Diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) using CO as a probe molecule was per-
formed to investigate the surface chemistry of these colloidal
Pt/Sn, NPs through the location of the surface active sites. It is
well-known that CO can coordinate in the bridging (CO,) or
terminal (CO,) mode on Pt NPs.**> Normally, CO,, bands are
located on the faces of MNPs and CO; bands are located on
their apexes and edges.*® Fig. 516 (see ESI section S7)f shows
the DRIFT spectra of Pt/Sn, before (blue) and after (red)
exposure to CO (bubbling CO in a THF dispersion for 5 min).
After exposure to CO, the spectrum showed an intense band at
2003 ecm ™' corresponding to CO.. Interestingly, no CO, band
was observed, indicating that faces of Pt/Sn, NPs are not avail-

SnBu
Pf 3 bar Hp 4 SnBun,
i + BuzSnH ——
S THF
& Bt SnBup
PY{(NBE); Pt/Sn,

Scheme 2 Synthesis of non-supported Pt/Sn, NPs following the
organometallic approach.

This journal is © The Royal Society of Chemistry 2023
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able, likely due to the high tin surface coverage. Thus, the
coordination of CO in the terminal mode indicates the pres-
ence of surface active sites, mostly located at the edges or
apexes of the nanoparticles, even at high surface coverage.

The coordination of Sn-butyl fragments on these colloidal
Pt/Sn, NPs was also investigated by XPS. Also for Pt@rGO/
Sne g, the Sn 3ds, signal of Pt/Sn, shows a BE of 485.8 eV
(Fig. 2b, green). This BE suggests the coordination of the tin-
butyl fragments to the platinum surface through the Sn atoms,
since it involves the loss of their electron density compared to
those of the corresponding organometallic complex Bu;SnH
(485.3 eV) (Fig. 2b, blue). The identical BEs for the colloidal
and supported Pt NPs (Fig. 2a and b) confirm that in Pt@rGO/
Sny g most of the Sn-butyl fragments are coordinated to the
platinum surface, in agreement with EDX observations.
Fig. S17a (see ESI section S8)f shows the characteristic asym-
metric peaks for platinum metal corresponding to the Pt 4f;),
and Pt 4f;), signals of Pt/Sn,. In a similar way to supported Pt
NPs (Fig. 2c), the BE of Pt 4f,, can be deconvoluted in two
components: (i) one at ca. 71.0 eV characteristic of Pt(0), and
(ii) another at 72.6 eV attributed to Pt’".
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Solid state MAS-NMR also confirmed the presence of Sn-
butyl fragments on the Pt surface. The *C CP-MAS spectrum
of Pt/Sn, presents a sharp signal at ca. 13 ppm which
belongs to the methyl groups of the surface [-Sn-(CH,);-
CH3;], species. The intense peak at 26 ppm corresponds to
the CH, groups of the alkyl chain and the peak at ca
127 ppm is attributed to the CH, groups located next to the
Sn atoms (see ESI section S10, Fig. S207). The latter signal is
notably shifted to a lower field compared to that observed in
similar systems.?” This could be explained by the proximity
of these methylene groups to the platinum surface, which
displaces the signal to a higher frequency due to the pres-
ence of conduction electrons.>” This result also points that
tin-butyl fragments are coordinated to the platinum surface
through the Sn atoms, as was previously suggested by XPS
(Fig. 2a). To sum up, surface studies on these colloidal
organo-tin Pt NPs confirmed the presence of butyl-tin frag-
ments at the Pt surface and the existence of available surface
active sites even at high tin surface coverage. We can thus
expect some catalytic activity of these non-supported Pt NPs
(vide infra, Table 1, entry 3).

Table 1 Application of Pt@rGO/Sng g and Pt@rGO in the mild hydrogenation of biomass-derived substrates®

Entry Catalyst Substrate Product Conversion”* Selectivity”
1 Pt@rGO/Sn, ¢ ? OH >99% 2:5=98:2
2 Pt@rGO o OH o OH o OH 12.3% 2:5=100:0
3 Pt/Sn, | | | 17.9% 2:5=100:0
4 Pt/Sn,@rGO / / / 28.8% 2:5=100:0
1) (2) (5)
5 Pt@rGO/Sny g Oy H HO 100% 8:9=99:1
6 Pt@rGO 82.9% 8:9=97:3
O/ O/ o/
OH OH OH
(7 (8) (9)
7 Pt@rGO/Sn, g (@] () o] >99% 11:12=42:58
0, . = .
8 Pt@rGO Is \ r r 91.2% 11:12=92:8
O (0] (0]
O HO
(10) (11) (12)
9 Pt@rGO/Sn, g (’) OH 96.8% 14:15=100:0
1 P 15.59 14:15=100:
0 t@rGO o o o 5.5% 5=100:0
L/ L/ W
(13) (14) (15)
114 Pt@rGO/Sn, g (0] 0 56.9% 16 = 100
12° Pt@rGO/Sn, g 0 >99% 16 =100
134 Pt@rGO HO 13.1% 16 = 100
) 16

“Reaction conditions: 0.3 mmol substrate, catalyst (0.1 mol% Pt), 2 mL of H,0, 5 bar H,, 25 °C and 5 h of reaction. b Conversions and selectiv-
ities were determined by GC using dodecane as an internal standard, and confirmed by GC-MS. ° Metal free reference material (rGO modified
with Buz;SnH) showed negligible activity in the hydrogenation of HMF under reaction conditions. ? Reaction time: 20 h. ¢ Reaction time: 72 h.

This journal is © The Royal Society of Chemistry 2023
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Catalytic studies

In order to evaluate the catalytic reactivity of rGO-supported Pt
NPs decorated with different equiv. of -SnBu,, the hydrogen-
ation of 5-hydroxymethylfurfural (HMF, 1) was chosen as a
model reaction. HMF is identified as one of the main chemical
products derived from biomass,*® being an interesting model
molecule since it has two potentially hydrogenable functional
groups: (i) the furan ring and (ii) the aldehyde. In addition, the
alcohol groups of HMF or its derivatives can be also trans-
formed by hydrodeoxygenation (HDO) processes. This means
that HMF can undergo various catalytic transformations to
obtain high-value products (Fig. 3a). Among the possible
hydrogenated derivatives, 2,5-bishydroxymethylfuran (BHMF,
2) has attracted great interest since it is a potential substitute
for petrochemical-based monomers or precursors.”®*° Thus,
the selective hydrogenation of HMF to produce BHMF is of
special relevance in fine chemistry.

First, the influence of the organo-tin complex on the activity
and selectivity of the graphene-supported Pt NPs was investi-
gated in the hydrogenation of HMF in THF. After 3 h of reac-
tion, the non-modified Pt@rGO catalyst showed low conver-
sion (8.5%), producing BHMF (2) as the main product (73%
selectivity), but also a considerable amount of the HDO
product 2-hydroxymethyl-5-methylfuran (MFA, 5) (Fig. 3b and
S19a, see ESI section S10t). On the other hand, after decorat-
ing Pt@rGO with 0.2 equivalents of the organotin complex,
Pt@rGO/Sn », a higher conversion (33.3%) and an increase in
selectivity was observed, obtaining exclusively BHMF (2)
(Fig. 3b and S21b, see ESI section S117}). Interestingly, as the
number of equiv. increases, the conversion is higher maintain-
ing the selectivity towards BHMF, except for Pt@rGO/Sn,
which showed a lower conversion than all other tin-decorated
catalysts (Fig. 3b). This volcano-like behaviour indicates that
the addition of -SnBu,, improves the activity and selectivity of
Pt@rGO, reaching a maximum conversion (53.9% after 3 h)
with 0.8 equiv. (Pt@rGO/Snyg) (Fig. 3b and S21d, see ESI
section S1171). However, a higher amount of tin (1 equiv.) is
reflected by a notable decrease in the conversion (25.9%),
likely due to the high tin surface coverage that blocks most of
the surface active sites (Fig. 3b and S21e, see ESI section S117).
Therefore, to maximize the activity and selectivity of Pt@rGO/
Sn, it is of high importance to decorate with the right amount
of -SnBu,,.

Heterogeneous catalysis in batch reactors normally employs
organic solvents. However, most products derived from
biomass are more soluble in water,*® which, due to its nontoxi-
city and environmental compatibility, is considered as the
greenest solvent. Thus, the catalytic reactivity of Pt@rGO/Sn,
was also investigated in the aqueous hydrogenation of HMF.
As can be seen in Fig. 3c, similar volcano-like behaviour was
observed in water. Nevertheless, the activity and BHMF selecti-
vity of all catalysts studied are much higher than in THEF, likely
due to the excellent solubility of HMF in water and different
operation mechanisms.*" For example, the decoration with a
small amount of -SnBu,, such as 0.2 equiv., led to a consider-
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able increase in the activity. After 3 h of reaction, Pt@rGO only
exhibited an HMF conversion of 12.2%, while the conversion
using Pt@rGO/Sn, , as a catalyst was 87.7% (Fig. 3d and S22a,
b, see ESI section S117). Furthermore, the most active catalyst,
Pt@rGO/Sny g, showed full conversion and 100% selectivity
towards BHMF after only 1 h of reaction (Fig. 3f and S22d, see
ESI section S111). And again, the functionalization with 1
equiv. reduced the activity of the catalyst due to a high surface
coverage, giving a conversion of only 46% (Fig. 3g and S22e,
see ESI section S1171). The catalytic activity of Pt@rGO/Sng g in
the selective hydrogenation of HMF to BHMF is higher than
those of previously reported systems (see ESI section S12,
Table S37). For example, Bell et al. prepared Pt-Sn NPs sup-
ported on Al,O;, which were used in the hydrogenation of
HMTF in ethanol under 14 bar H, and at 60 °C, exhibiting an
estimated TOF of 72 h™" (see ESI section S12, Table S31 entry
1).2°%2 ghortly after, Kawanami et al. reported a platinum-
based catalyst, Pt/MCM-41, which, under mild conditions
(35 °C and 8 bar H,), presented almost complete conversion to
BHMF.*? Specifically, after 1 h of reaction, Pt/MCM-41 (1 wt%)
showed 85% conversion with a BHMF selectivity of 95% (esti-
mated TOF = 566.7 h™") (see ESI section S12, Table S37 entry
2). On the other hand, Pt@rGO/Sn, s prepared in the present
work is even faster under milder reaction conditions (5 bar H,
and 25 °C), since it presents an estimated TOF value of
666.7 h™" (see ESI section S12, Table S31 entry 16), being one
of the most active catalysts in the selective hydrogenation of
HMF to BHMF in aqueous medium.

Since Pt@rGO/Snyg gave full conversion to the desired
product BHMF (2) after only 1 h of reaction time, we decided
to increase the substrate/catalyst ratio. More specifically, the
catalytic loading was reduced from 0.15 mol% to 0.1 mol% by
increasing the amount of initial HMF to 0.3 mmol. After 5 h
under these conditions, Pt@rGO exhibited a conversion
towards BHMF of only 12.3%, whereas Pt@rGO/Sng g showed
complete conversion and almost full selectivity to BHMF, pro-
ducing only a small amount of MFA (5) (2%) (see Table 1
entries 1 and 2). A kinetic study of HMF hydrogenation using
Pt@rGO/Sny g shows that the conversion of HMF practically
goes parallel to the formation of BHMF, taking 5 h to reach
full conversion (see ESI section S11, Fig. S23b¥). On the other
hand, non-supported Pt/Sn, NPs showed moderate activity
(17.9% conversion to BHMF after 5 h of reaction; see Table 1
entry 3, and ESI section S11, Fig. S24at), most likely due to the
high degree of aggregation of this colloidal NPs in water (see
ESI section S4, Fig. S71) together with the high tin surface cov-
erage. In fact, after immobilization of Pt/Sn, on rGO (Pt/
Sn,@rGO, see ESI section S4, Fig. S61) the activity of the NPs
increases (28.8% of conversion; Table 1 entry 4 and ESI section
S11, Fig. S24bt) due to their higher stability in aqueous
medium. These results highlight the importance of the use of
rGO as support to enhance the stability/activity of Pt NPs deco-
rated with —-SnBu,, in water.

Encouraged by the excellent catalytic activity of Pt@rGO/
Sny g in the aqueous hydrogenation of HMF, we also tested it
in the hydrogenation of other biomass-derived substrates and

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Schematic representation of the hydrogenation/hydrodeoxygenation reaction pathways of HMF into high-value products. Volcano-like

behaviour in the HMF hydrogenation activity of Pt@rGO/Sn, (x: 0, 0.2, 0.5, 0.8 and 1 equiv.) in (b) THF and (c) H,O after 3 h of reaction [X = conver-
sion (dark blue squares) and S = selectivity (blue bars)]. Hydrogenation of HMF in water using (d) Pt@rGO/Sng ,, (€) Pt@rGO/Sng s, (f) Pt@rGO/Sng g
and (g) Pt@rGO/Sn; as catalysts. Hydrogenation of HMF in water using Pt@rGO is represented in all kinetics as dashed lines. Reaction conditions:
0.2 mmol HMF, 2 mg of Pt@rGO/Sn, (0.15 mol% Pt), 2 mL of THF or H,O, 5 bar H,, 25 °C. Conversions and selectivities were determined by GC
using dodecane as an internal standard and confirmed by GC-MS.
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compared it with Pt@rGO (Table 1). For example, vanillin (7)
was effectively hydrogenated into vanillyl alcohol (8) after 5 h
of reaction using Pt@rGO/Sn, 5 as a catalyst (selectivity of 99%
at >99% conversion). On the other hand, under the same cata-
lytic conditions (0.1 mol% Pt, H,O, 5 bar H,, 25 °C, 5 h) the
monometallic catalyst Pt@rGO presented a conversion of
82.9% and a slightly lower selectivity to the corresponding
alcohol (8), due to the formation of a small amount of the
HDO product, 2-methoxy-4-methylphenol (9) (see Table 1,
entries 5 and 6). In the hydrogenation of levoglucosenone (10)
with Pt@rGO/Sny,g we observed complete conversion in
5 hours, and a selectivity of 58% towards the fully hydrogen-
ated product, levulinyl alcohol (12) (see Table 1, entry 7).
However, at the same reaction time, Pt@rGO showed a slower
conversion (91.2%) and 92% selectivity to the product (11),
due to its lower reactivity in the hydrogenation of C=0 bonds
compared to the functionalized catalyst (see Table 1, entry 8).
This lower catalytic activity was also evidenced by the hydro-
genation of furfural (13); while Pt@rGO/Sn, g showed a conver-
sion of 96.8% towards the corresponding alcohol (14), Pt@rGO
only reached a conversion of 15.5% (see Table 1, entries 9 and
10). Finally, the hydrogenation of levulinic acid (15) into
y-valerolactone was slower with both compared catalysts. After
20 h, Pt@rGO/Snyg showed a conversion of 56.9%, while
Pt@rGO showed a conversion of only 13.1% (see Table 1,
entries 11 and 13). It was necessary to prolong the reaction
time up to 72 h to reach complete conversion (see Table 1,
entry 12). In general terms, we can conclude that the presence
of -SnBu,, fragments at the surface of Pt NPs considerably
increases their activity in the hydrogenation of polar groups
such as aldehydes or ketones (Table 1, entries 1-6 and 9-13).
On the other hand, the hydrogenation of non-polar groups
such as alkenes, is less affected by the presence of -SnBu,, as
was observed in the hydrogenation of levoglucosenone (10)
(Table 1, entries 7 and 8).

In order to study the stability and heterogeneity of the pre-
pared catalysts, a series of experiments were performed. First,
non-modified (Pt@rGO) and tin-functionalized (Pt@rGO/Sn, g)
catalysts were analyzed by TEM and HRTEM after catalysis (i.e.
hydrogenation of HMF under standard catalytic conditions).
No growth of the Pt NPs was observed in both catalysts, the
unmodified Pt@rGO (2.4 = 0.7 nm), and the functionalized
one, Pt@rGO/Sny g (2.3 + 0.4 nm) (see ESI section S4, Fig. S8b,
c and S9b, c,} respectively). Furthermore, by HRTEM we can
observe that Pt NPs retain their crystallinity after catalysis (see
ESI section S4, Fig. S8a and S9at). This validates the ability of
rGO to efficiently stabilize Pt NPs in the aqueous transform-
ation of biomass-derived compounds. Additionally, the catalyst
reusability was evaluated through a multiple addition experi-
ment. Here, the hydrogenation of HMF was performed during
nine consecutive additions of a substrate using Pt@rGO/Sn, g
as a catalyst. To better identify any loss of catalytic activity,
HMF was added every hour where the conversion values were
around 40%. No evident loss of activity/selectivity was
observed, since conversion remains constant with full selecti-
vity towards BHMF (Fig. 4a and Fig. S25, see ESI section S117).
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Fig. 4 (a) Multiple addition experiment for the hydrogenation of HMF
catalyzed by Pt@rGO/Sngs. (b) Kinetics of HMF hydrogenation in the
presence of Pt@rGO/Sngs and after catalyst removal by filtration.
Reaction conditions: 0.3 mmol HMF, 2 mg of Pt@rGO/Sng s (0.1 mol%
Pt), 2 mL of H,O, 5 bar H,, 25 °C. Conversions and selectivities were
determined by GC using dodecane as an internal standard, and
confirmed by GC-MS.

Moreover, TEM analysis of Pt@rGO/Snyg after the multiple
addition experiment revealed the presence of small and well-
distributed Pt NPs with a similar size to the as-synthesized
catalyst (see ESI section S4, Fig. S107). Finally, to confirm the
heterogeneous nature of the catalyst, a filtration experiment
was performed. After 1 h under standard catalytic conditions,
(i.e. HMF hydrogenation in water), the reaction media was fil-
tered, added into another reactor, and left for four more hours
under the same catalytic conditions (5 bar H, and 25 °C). No
change in the catalytic conversion was observed after 2 and 4 h
(Fig. 4b). Thus, as can be seen in Fig. 4b, the progress in the
reaction after catalyst removal by filtration is marginal (conver-
sion is maintained at ~43%). ICP analysis after filtration did
not show any metal leaching, confirming the heterogeneity
and stability of the material during the selective hydrogenation
of HMF in aqueous medium.

Promoting effect of -SnBu,,

It is evident that the superior catalytic activity of Sn-functiona-
lized Pt-supported NPs is due to the presence of tin-butyl frag-
ments on the platinum surface. Thus, to study the promoting
effect of tin we performed a series of experiments. First, to

This journal is © The Royal Society of Chemistry 2023
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have an idea about the accessible platinum surface of the
unmodified Pt@rGO and functionalized Pt@rGO/Snyg cata-
lysts, CO and H, chemisorption studies were performed (see
ESI section S13, Table S47). Normally, the presence of surface
species blocks the potential adsorption sites,**** however, in
our case we observed the opposite behaviour. For Pt@rGO, the
CO uptake was 6.4 pmol g~', while for Pt@rGO/Snyg, the
uptake of CO increased to 9.6 pmol g—'. Thus, the presence of
Sn-butyl fragments at the platinum surface increases the
amount of CO chemisorbed. This can be related to the capacity
of these Sn-decorated catalysts to activate carbonyl groups
(vide infra). In a similar way, the H, chemisorption analysis
revealed that for Pt@rGO the H, uptake was 50.0 pmol g_l,
while for Pt@rGO/Sn, g the uptake of H, remained practically
constant (50.8 pmol g~). This demonstrates that even after
functionalizing the platinum surface with an organotin
complex, the catalyst presents a similar number of accessible
active sites. Thus, contrary to what one would expect the pres-
ence of tin-butyl fragments at the platinum surface does not
decrease the number of surface active sites. Furthermore,
thanks to H, chemisorption it was possible to determine both
the particle size and the dispersion of platinum. As can be
seen in Table S4 (see ESI section S13),T the sizes observed by
H, chemisorption for the unmodified Pt@rGO and functiona-
lized Pt@rGO/Snyg (1.7 nm in both cases) are in good agree-
ment with the mean size distribution observed by TEM (2.3 +
0.7 nm for Pt@rGO and 2.1 + 0.5 nm for Pt@rGO/Snyg). On
the other hand, the dispersion of both catalysts is around
65-66%.

Temperature-programmed reduction (TPR) experiments
were performed to compare the reducibility of platinum in
both catalysts, Pt@rGO and Pt@rGO/Sny . The TPR profile of
Pt@rGO showed a reduction peak at 376.6 °C that shifted to
309.2 °C after the coordination of Sn-butyl fragments to the
platinum surface (Pt@rGO/Sngg; see ESI section S14,
Fig. S26%). This hydrogen consumption corresponds to the
reduction of oxidized species of platinum, previously observed
by XPS and denoted as Pt°".*® It is evident that the presence of
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-SnBu,, facilitates Pt reduction, with less temperature being
necessary to reduce the catalyst. Likewise, as seen in hydrogen
temperature-programmed desorption (H,-TPD) patterns (see
ESI section S15, Fig. S271), Pt@rGO showed two peaks (cen-
tered at 305 and 378 °C) attributed to the desorption of two
different adsorbed H species,’® while Pt@rGO/Sn, g exhibited
a broad peak centered at 326 °C, indicating weakened hydro-
gen binding energy and easier H, desorption. Therefore, TPR
and H,-TPD results reveal that Sn-butyl fragments are modify-
ing the catalysts.

Finally, adsorption of HMF and BHMF on the unmodified
and functionalized catalysts was investigated using ultraviolet
spectroscopy, as recently reported (see ESI, sections S1 and
$167).”” Pt@rGO has lower HMF adsorption capacity than
Pt@rGO/Sn, z. While Pt@rGO only adsorbs 1.16 mg e, of
HMF, Pt@rGO/Snyg adsorbs 8.83 mg gcat_1 (see ESI section
S16, Fig. S30t). However, the adsorption trend of the product
BHMF is the opposite (see ESI section S16, Fig. S3171). The
unmodified Pt@rGO presents a higher adsorption capacity for
BHMF than Pt@rGO/Sngg (2.15 Mg oo - VS. 1.69 MY oot
respectively). Therefore, Pt@rGO/Snys is capable to adsorb
HMF more easily than Pt@rGO, but not BHMF. Comparing
the HMF/BHMF adsorption ratios (Fig. 5a), Pt@rGO/Sn, g exhi-
bits a much higher one (Aymppumr = 8.83 mg g ') than
Pt@rGO (Apmpsumr = 1.55 mg g '). These results evidence
that the coordination of Sn-butyl fragments to the platinum
surface facilitates the adsorption of HMF and weakens the
adsorption of BHMF, and explain the high selectivity of these
catalysts to BHMF. Thus, according to the latter results, the Sn-
butyl surface species are probably acting as electron donor
“ligands”, which increase the electron density of Pt, and at the
same time facilitate the electrophilic activation of the carbonyl
groups, as was evidenced by CO chemisorption studies (vide
supra).”>®*® In fact, XPS analysis showed that after the
functionalization of the platinum surface with tin (Fig. 2a), the
Sn 3ds), signal presents a higher BE (485.9 eV) than BuzSnH,
which means that Sn is more oxidized because it donates its
electron density to Pt. Therefore, surface active sites can be
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(a) HMF/BHMF adsorption capacities of Pt@rGO and Pt@rGO/Sng g. (b) Illustration of the adsorption of HMF on Pt@rGO/Sng g.
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described as Pt°-Sn®*, where HMF is easily adsorbed through
the carbonyl group via donation of the lone pair of electrons
on the oxygen atom, and subsequent hydrogenation to form
BHMF by the hydrogen atoms chemisorbed on the Pt surface
(Fig. 5b). This, together with the high stability of these sup-
ported NPs in water, highlights the high potential of Pt@rGO/
Sn, catalysts in the aqueous hydrogenation of biomass-derived
compounds.

Conclusions

We have successfully functionalized graphene-supported Pt
NPs with different equivalents of -SnBu,, using BuzSnH and a
SOMC approach (Pt@rGO/Sny; x = 0.2, 0.5, 0.8 and 1 equiv.)
for modifying their -catalytic properties. The organotin-
complex reacts with surface hydrides of the Pt NPs selectively
decorating the Pt surface with Sn. Surface characterization
studies confirmed the presence of Sn-butyl fragments grafted
on the platinum surface. According to the catalysis results, we
observed a strong correlation between the number of equiva-
lents of -SnBu,, and the activity of the rGO-supported Pt NPs
using the aqueous hydrogenation of HMF as a model reaction.
The greater the amount of surface tin fragments, the higher
the yield of BHMF. Interestingly, the maximum conversion was
reached with the Pt@rGO/Snyg catalyst, since a higher tin
surface coverage (i.e. Pt@rGO/Sn,) led to a significant decrease
in the catalytic performance. Indeed, Pt@rGO/Sny g is one of
the most active catalysts reported to date (estimated TOF =
666.7 h’l). The reactivity of Pt@rGO/Sn, g was also investigated
in the aqueous hydrogenation of other biomass-derived com-
pounds (ie. vanillin, levoglucosenone, furfural or levulinic
acid), evidencing the great catalytic activity of these organotin-
functionalized Pt NPs. The promoting effect of tin was investi-
gated, demonstrating that Sn-butyl fragments activate the plati-
num surface and facilitate the HMF adsorption and its sub-
sequent hydrogenation to BHMF. Finally, the stability of this
novel catalyst was studied by multiple addition and filtration
experiments, demonstrating it to be a stable, reusable, and
heterogeneous catalyst. Although the catalytic systems pre-
sented herein are based on platinum, a noble metal, the low
metal content used during the catalysis (0.1 mol%), together
with their excellent activity and the possibility to be reused/
recycled, makes them potential candidates for the selective
transformation of biomass in aqueous medium under mild
reaction conditions.
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