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anoparticle size and shape of a Pt/
TiO2 catalyst for enhanced hydrogenation of
furfural to furfuryl alcohol†

Heba Alsharif,ab Matthew B. Conway, a David J. Morgan, a Thomas E. Davies,a

Stuart H. Taylor a and Meenakshisundaram Sankar *a

We report the selective liquid phase hydrogenation of furfural to 2-furfuryl alcohol using a Pt/TiO2 catalyst

prepared by the wet-impregnation method under mild reaction conditions (30 °C and 3 bar H2 pressure).

The effect of heat treatment protocols on the catalyst structures and the resultant catalytic properties of

4.2%Pt/TiO2 and 0.6%Pt/TiO2 was investigated. For both Pt loadings, the calcined + reduced catalyst

exhibited higher activity compared to the reduced only catalyst, with the difference in activity being more

pronounced for 4.2%Pt/TiO2 than for 0.6%Pt/TiO2. For the 4.2%Pt/TiO2 catalyst, the reduced-only sample

achieved 25% conversion with 90% selectivity for 2-furfuryl alcohol after 6 hours, while the calcined +

reduced sample reached 99% conversion with 59% selectivity under identical reaction conditions. For the

0.6%Pt/TiO2 catalyst, the reduced-only sample showed 70% conversion with 96% selectivity for 2-furfuryl

alcohol, whereas the calcined + reduced sample achieved 97% conversion and 95% selectivity after a 2-h

reaction. Characterisation of the samples using X-ray photoelectron spectroscopy, CO chemisorption and

scanning transmission electron microscopy revealed that direct high temperature reduction resulted in

a mixture of large Pt particles (>5 nm) with irregular shapes, small Pt nanoparticles (ca. 2 nm) and some

sub-nm clusters. In contrast, calcination + reduction produced uniformly distributed Pt nanoparticles (ca. 2

nm) for both Pt loadings. Despite the presence of strong metal support interaction (SMSI) in Pt/TiO2

catalysts, no spectroscopic evidence for such a strong interaction was found in this study. Therefore, the

observed difference in catalytic activity is attributed to the variations in the shapes and sizes of the Pt

nanoparticles. During the synthesis of Pt/TiO2 catalysts, the calcination + reduction activation procedure is

more beneficial for enhancing both activity and selectivity compared to a reduction only procedure.
Sustainability spotlight

To realise the NetZero goals and achieve a carbon-neutral society it is crucial to develop technologies to produce chemicals and fuels from renewable feedstock.
Lignocellulosic (waste) biomass is an important alternative to the conventionally used fossil-fuel based feedstock to produce chemicals and fuel molecules.
Catalysis plays a central role in this endeavour by reducing the temperature of the reaction and producing the desired compound selectively. Furfuraldehyde,
derived from hemicellulose, is one of the potential biomass derived compounds that could replace fossil fuel derived platform molecules. This article reports
strategies to enhance the activity of Pt/TiO2-based heterogeneous catalysts for the selective hydrogenation of furfural to furfuryl alcohol. Furfuryl alcohol is used
as a monomer for producing polymers, fuel additives, dispersing agents and many more. Hence it is an important chemical in chemical and fuel production.
This article targets the following UN SDGs: Affordable and Clean Energy (SDG 7), Industry, Innovation, and Infrastructure (SDG 9) and Climate Action (SDG 13).
Introduction

The conversion of lignocellulosic biomass-derived platform
molecules to replace fossil fuel-based feedstocks for producing
chemicals and fuel components has gained signicant
search Hub, School of Chemistry, Cardiff

sankar@cardiff.ac.uk

Taibah University, 41477, Al-Madinah Al-

tion (ESI) available. See DOI:

888–3896
attention due to the global effort to achieve NetZero emissions
by 2050.1–3 The US Department of Energy (DoE) has identied
furfural (FF), derived from hemicellulose, as one of the 12
potential platform molecules capable of replacing fossil fuel-
based feedstocks for chemical and fuel production.4 FF is
produced in excellent yields by dehydrating xylose using ionic
liquids or other acidic catalysts.5–7 It can be converted into
several industrially important chemicals through oxidation,
hydrogenation and hydrogenolysis reactions.5,8,9 Catalytic
hydrogenation of FF yields various industrially signicant
compounds, such as tetrahydro furan (THF), tetrahydro furfuryl
© 2024 The Author(s). Published by the Royal Society of Chemistry
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alcohol (2-THFA),10 2-methyl furan (2-MF),11 and furfuryl alcohol
(2-FFA),12 among others, as illustrated in Scheme 1. Among
these compounds, 2-FFA is particularly valuable due to its
diverse industrial applications, including its use as a monomer
for furanic resins, a fuel component, and a dispersing agent.13,14

Furthermore, 2-FFA can be fully hydrogenated to tetrahy-
drofurfuryl alcohol (2-THFFA), an environmentally benign,
biodegradable green solvent. The hydrodeoxygenation of 2-FFA
produces 2-methyl furan (2-MF), which serves as a fuel addi-
tive.15,16 Therefore, developing an active heterogeneous catalyst
for the selective hydrogenation of FF to 2-FFA is highly attractive
from both industrial and academic perspectives.13

The hydrogenation of FF results in several products, which
can potentially reduce the selectivity to 2-FFA. Other possible
side reactions include hydrogenation of the C]C bond,
hydrogenolysis (hydrodeoxygenation), ring opening and decar-
bonylation reactions (Scheme 1).13,14,17 Consequently, designing
catalysts for the selective conversion of FF to 2-FFA is chal-
lenging. Industrial production of 2-FFA involves the reduction
of FF over a copper chromite catalyst at 180 °C and 70 to 100 bar
of H2.18,19 However, during this reaction, the chromite catalyst
converts to chromate which is toxic and harmful to the envi-
ronment.18 Therefore, research efforts should focus on devel-
oping environmentally benign catalysts that are active and
selective under mild reaction conditions. Although gas-phase
hydrogenation20 and transfer hydrogenation21 have been re-
ported for this transformation, catalytic hydrogenation using
gaseous hydrogen under mild reaction conditions is highly
desirable for the sustainable production of 2-FFA.22 These
reactions are carried out at high temperatures (ca. 200 °C), in
contrast to the ambient reaction condition reactions pursued in
this work.
Scheme 1 Schematic representation of the various products formed fro

© 2024 The Author(s). Published by the Royal Society of Chemistry
The nature of the metal, support, metal particle size, solvent,
and reaction conditions, such as temperature, pressure, and
catalyst concentration, inuences the activity and selectivity of
this reaction.23 For example, polar solvents have been reported to
signicantly improve the rate of the FF hydrogenation reaction,
although they also promote the formation of acetyl and/or ester
compounds. Dichloromethane, on the other hand, has been re-
ported to promote the hydrodeoxygenation of FF to 2-MF.24–27

Wang et al. reported that higher H2 pressure favoured the
hydrogenation of FF to 2-FFA, while lower pressure favoured the
hydrogenolysis of FF to furan (F) over a supported Pt catalyst.28

Supported Pd catalysts favoured the complete hydrogenation of
FF to tetrahydrofurfuryl alcohol instead of 2-FFA, whereas sup-
ported Pt catalysts favoured the formation of 2-FFA.24,27

Pt/TiO2 has been reported as an effective catalyst for the
selective hydrogenation of FF to 2-FFA and is extensively studied
for its strong metal support interaction (SMSI).29,30 SMSI is
benecial due to the electron rich metal-support interfacial
sites and the oxygen vacancies on the TiO2 surface.31,32 This
SMSI effect can be tuned by employing different heat treatment
protocols during catalyst syntheses. Corma et al. reported that
reducing 0.2%Pt/TiO2 at 450 °C results in a TiO2 overlayer over
Pt nanoparticles (SMSI); this catalyst was found to be chemo-
selective (93% selectivity) whereas 0.2%Pt/TiO2 without any
SMSI is found to be less chemoselective (42% selectivity) during
the hydrogenation of 3-nitrostyrene to 3-aminostyrene.31

Recently, we reported a high temperature (450 °C) reduction-
only treatment of the 0.5%Pt/TiO2 catalyst which resulted in
substantial coverage of the Pt nanoparticles by a TiO2 overlayer,
making it less active for the chemoselective hydrogenation of 3-
nitrostyrene to 3-vinylaniline. However, when 0.5%Pt/TiO2 was
calcined and reduced at 450 °C, the TiO2 coverage was much
m the hydrogenation of furfural.

RSC Sustainability, 2024, 2, 3888–3896 | 3889
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lower, and the catalyst was much more active.33 These examples
illustrate that SMSI can be either benecial or detrimental to
the catalytic properties of Pt/TiO2. Several groups have reported
a size dependent SMSI effect for Pt/TiO2 and Au/TiO2 cata-
lysts.29,34 In supported metal catalysts, high temperature
reduction increases the metal particle size and reduced catalytic
activity.35 Therefore, understanding the relationship between
heat treatment protocols, structural properties and catalytic
properties is crucial. This work aims to understand the rela-
tionship between heat treatment protocols and the catalytic
properties of Pt/TiO2 for the selective hydrogenation of FF to 2-
FFA under mild reaction conditions.
Experimental
Materials and methods

All the chemicals used in this work were purchased from
commercial sources and were used without any further puri-
cation: H2PtCl6$6H2O (Sigma-Aldrich, $37.50% Pt basis),
titania P25 (99.9%, Degussa), furfural (99%, Sigma-Aldrich),
furfuryl alcohol (98%, Sigma-Aldrich) and isopropanol (99.5%,
Fisher Scientic).

Catalyst preparation. All supported metal catalysts used in
this work were prepared via the wet-impregnationmethodology.33

In a typical catalyst synthesis, a 50-mL round bottom ask
equipped with a magnetic stirrer bar was charged with the
required quantity of the aqueous metal precursor solution (H2-
PtCl6$6H2O (18.57 mgPt mL−1)) and distilled water to achieve
a total volume of 16 mL. Aer heating the round bottom ask at
60 °C for 10 minutes, the requisite amount of the support was
slowly added. Aer the complete addition of the support, the
slurry was stirred for another 15 minutes. Then the temperature
was increased to 95 °C and the stirring of the slurry was
continued. The ask was le at 95 °C for 16 h to facilitate gradual
evaporation of water. Finally, the dry solid mixture was thor-
oughly ground into a ne powder using a pestle and mortar. This
sample was labelled as the dried-only sample. This dried-only
sample was subjected to different heating protocols to generate
the calcined only (C), reduced only (R) and calcination followed
by reduction (C + R) catalysts. The calcined only catalyst was
obtained by calcining 1 g of the dried-onlymaterial in a furnace at
450 °C with a ramp rate of 10 °C min−1 for 4 h under owing air.
The reduced only sample was obtained by reducing 1 g of the
dried-only sample under a ow of 5%H2/Ar at 450 °C with a ramp
rate of 10 °Cmin−1 for 4 h. The calcined and reduced sample was
obtained by calcining the dried-only sample in a furnace at 450 °C
for 4 h under owing air; then the furnace was cooled to 25 °C,
and then the sample was reduced under a ow of 5% H2/Ar at
450 °C for 4 h. The catalyst synthesis conditions, including the
calcination and reduction temperatures are chosen based on the
results presented in our previous work.33
Catalytic testing

Liquid phase hydrogenation of furfural. Hydrogenation of
FF was performed in a 50 mL moderate pressure batch glass
reactor under 3 bar H2 pressure. The reactor was loaded with
3890 | RSC Sustainability, 2024, 2, 3888–3896
4.45 mmol of FF, an appropriate amount of catalyst (molFF/
molmetal= 207) and 15 mL of isopropanol. The glass reactor was
sealed, purged with gaseous N2 three times, and then purged
with H2 three times before it was pressurised with H2 to 3 bar.
The H2 inlet line was kept open throughout the reaction to
replenish the consumed H2. The experiment was performed at
30 °C, and the reaction mixture was continuously stirred at
800 rpm with a magnetic stirrer. At the end of the reaction, the
reactor was cooled in an ice bath for 10 minutes, and the
catalyst was separated from the reaction mixture using a 0.45
mmPTFE syringe lter. An aliquot was removed from the ltered
reaction mixture for gas chromatography (GC) analysis. The GC
sample was prepared by mixing 10 mL of the reaction mixture
with 0.1 mL of n-octanol (external standard). 1 mL of this
mixture was analysed. Quantitative analyses of the reaction
mixtures were conducted using a Bruker scion 456 GC tted
with a RESTEK Rtx@-1 (60 m, 0.32 mm ID) column and an FID
detector. N2 was used as the carrier gas. Quantitative analyses
used an external standard (n-octanol) and response factors
derived from calibration mixtures. The stability and reusability
of the catalyst were investigated under the same reaction
conditions (3 h, 30 °C, 3 bar H2). Aer every reaction cycle, the
solid catalyst was removed from the reaction mixture using
a centrifuge and washed thoroughly using isopropanol and
acetone twice. The catalyst was then dried under ambient
conditions before using it for the next cycle.

FF conversionð%Þ ¼�
FF concentrationð0Þ � FF concentration ðtÞ

FF concentration ð0Þ
�
� 100

2FFA selectivityð%Þ ¼
�

2FFA concentration

Sum of concentrations of all the products

�
� 100

Catalyst characterisation

X-ray photoelectron spectroscopy (XPS). The surface chem-
istry of the catalysts was investigated using X-ray photoelectron
spectroscopy (XPS). All measurements were performed on
a Kratos Axis Ultra DLD photoelectron spectrometer, using
monochromatic Al radiation operating at 144 W (12 mA × 12
kV). The samples were mounted by pressing onto Scotch 665
double sided adhesive tape mounted on a standard Kratos
sample bar. The samples were evacuated from the atmosphere
to ca. 10−8 mbar, before transfer to the analysis chamber. Data
were acquired using the hybrid mode with the slot aperture,
yielding an analysis area of approximately 700 × 300 microns.
Charge compensation was achieved using low energy electrons.
Whilst charge correction is typically made to the C(1s) line of
adventitious carbon, it was found to be unstable for these
materials, given the various oxidative and reductive treatments,
and hence the resulting spectra were calibrated to the Ti(2p3/2)
line of the titania support and taken to be 458.5 eV. All data were
analysed using CasaXPS,17 following the removal of a Shirley
© 2024 The Author(s). Published by the Royal Society of Chemistry
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type background. Atomic percentages were calculated using
modied Wagner sensitivity factors as supplied by the instru-
ment manufacturer.

Scanning transmission electron microscopy (STEM). STEM
analysis was conducted on a probe corrected ThermoFisher
Scientic Spectra 200 operating at 200 kV. The beam current
was 30–100 pA with a convergence angle of 21.5 mrad. The
samples were deposited by dry dispersion onto 300 mesh
copper grids coated with a holey carbon lm.

CO chemisorption. CO chemisorption was conducted using
a Micromeritics AutoChem II 2920 instrument equipped with
a thermal conductivity detector (TCD). The Pt/TiO2 samples
were inserted into a quartz u-tube between two pieces of quartz
wool and pre-treated in a 10% H2/Ar ow (50 mL min−1) for 1 h
at 300 °C (10 °C min−1 ramp). Subsequently, the gas ow was
changed to Ar (50 mL min−1) while the temperature was xed at
300 °C to purge the system of residual H2 for 1 h. The sample
was then cooled to 35 °C and the gas ow was switched to He (50
mL min−1). The TCD baseline was allowed to stabilise and
pulses of 1% CO/He were injected until peak areas remained
constant. Particle property information (dispersion, particle
size and metal surface area) was obtained following literature
procedures.36 The dispersion (D) stoichiometry of CO/Pt was
assumed to be 1. The particle size was calculated using the
equation d (nm) = 1.12/D. The platinum surface area was
calculated according to the equation surface area (m2 gPt

−1) =
249.12D.
Results and discussion
Catalyst testing

Heat treatment during catalyst synthesis plays a crucial role in
determining the structural properties of Pt/TiO2 catalysts,
particularly regarding the extent of strong metal support inter-
actions (SMSIs), metal particle sizes and nanostructures. SMSI
in Pt/TiO2 has been reported to signicantly impact catalytic
activity, selectivity and stability in various reactions, including
hydrogenation of nitroarenes,31 CO2 hydrogenation,37 and
Fig. 1 Effect of heat treatment on 4.2%Pt/TiO2 for the liquid phase h
reduction-only (R) vs. calcination + reduction (C + R) at 450 °C, time:
reduction at different temperatures. Reaction conditions: FF: 4.45 mmol
207; time: 3 h.

© 2024 The Author(s). Published by the Royal Society of Chemistry
propane dehydrogenation.38 Recently, we reported how heat
treatment protocols tune the Pt loading-dependent SMSI on Pt/
TiO2 and its effect on the chemoselective hydrogenation of 3-
nitrostyrene.33 Similarly, heat treatment protocols play a crucial
role in the catalytic activities of Pt/TiO2 during CO oxidation,
photocatalytic alcohol oxidation and hydrogen evolution
reactions.39–41 To study the relationship between Pt loading,
heat treatment and the catalytic properties of Pt/TiO2 for the
chemoselective hydrogenation of FF, we prepared 4.2 wt% Pt/
TiO2 catalysts using the wet-impregnation method. The dried
only catalyst was either reduced at 450 °C (R), calcined at 450 °C
(C) or calcined at 450 °C followed by reduction at 450 °C for 4 h
(C + R). To study the effect of catalyst heat treatment on FF
hydrogenation activity, we tested 4.2%Pt/TiO2 (C), 4.2%Pt/TiO2

(R) and 4.2%Pt/TiO2 (C + R) materials. The results (Fig. 1a) show
that 4.2%Pt/TiO2 (R) is the least active catalyst, with ca. 25%
conversion with 90% selectivity to 2-FFA aer 6 h. The 4.2%Pt/
TiO2 (C) catalyst showed 90% conversion and 42% selectivity.
However, the 4.2%Pt/TiO2 (C + R) catalyst exhibited the highest
conversion (ca. 99%) with 59% selectivity to 2-FFA. Fig. 1 shows
the selectivity data for 2-FFA only. A detailed selectivity prole is
provided in Table S1 (ESI).†

When alcohols are used as solvents in this reaction, FF and
2-FFA undergo acetylation, resulting in products referred to as
solvent products in this article (ESI, Scheme S1†).27 However,
these solvent products are formed in lower quantities (>5%).
These reactions are catalyzed by the acidic sites on the TiO2

support. Numerous studies have quantied the acidic sites on
the TiO2 material used in this research.42 The catalytic perfor-
mance as a function of the reaction time for 4.2%Pt/TiO2 (R)
and 4.2%Pt/TiO2 (C + R) shows a clear difference in the activity
and selectivity between them (ESI, Fig. S1†). The lowest activity
for 4.2%Pt/TiO2 (R) could be because of two reasons: (a) SMSI
leading to loss of Pt surface atoms and (b) large Pt particle size
because of high temperature reduction. Both phenomena have
been reported during high temperature reduction of supported
Pt nanoparticles.30,32,34,38,41 The difference in 2-FFA selectivity
between 4.2%Pt/TiO2 (C) and 4.2%Pt/TiO2 (R) catalysts suggests
ydrogenation of furfural to furfuryl alcohol: (a) calcined-only (C) vs.
6 h; (b) catalytic data of 4.2%Pt/TiO2 calcined at 450 °C followed by
; i-PrOH: 15 mL; temp: 30 °C; H2: 3 bar; substrate/metal molar ratio =

RSC Sustainability, 2024, 2, 3888–3896 | 3891
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that the Pt oxidation state plays an important role in the cata-
lytic properties. Since 4.2%Pt/TiO2 (C + R) is the most active and
selective catalyst for this reaction, C + R treatment was per-
formed for all the other samples.

To study the effect of reduction temperature, the dried only
catalyst was calcined at 450 °C and then reduced at different
temperatures ranging from 400 °C to 600 °C. The catalytic
results for all these materials are presented in Fig. 1b. 4.2%Pt/
TiO2 (C + R) – 450 °C showed the highest FF conversion (78%)
with 87% selectivity to 2-FFA. The 4.2%Pt/TiO2 (C + R) – 600 °C
catalyst showed the highest 2-FFA selectivity (98%) but with
a lower conversion (70%). The data presented in Fig. 2b show
that the 2-FFA selectivity increases with an increase in the
catalyst reduction temperature; however, the conversion is the
highest for the catalyst reduced at 450 °C and 500 °C. All these
results clearly show that heat treatment has a signicant impact
on the catalytic properties (activity and selectivity) of 4.2%Pt/
TiO2 for the chemoselective hydrogenation of FF to 2-FFA.

Pt loading on the support inuences the particle size and the
extent of SMSI, and hence the catalytic properties.29,33 To study
this in detail, Pt/TiO2 catalysts, with four different Pt loadings
(4.2 wt%, 2.4 wt%, 1.4 wt% and 0.6 wt%) were synthesized and
calcined at 450 °C and reduced (C + R) at 450 °C for 4 h. All these
catalysts were tested for the hydrogenation of FF and the results
are presented in Fig. 2a. The corresponding catalytic perfor-
mance as a function of the reaction time is presented in the ESI
(Fig. S2–S4).† To normalize different Pt loadings, the catalyst
masses were varied to maintain a constant FF : Pt molar ratio of
207. The catalytic data clearly show that the conversion
increases substantially with the reduction in the Pt loading.
0.6% Pt shows the highest catalytic activity among all the
catalysts tested. The conversion and selectivity for the catalysts
with different Pt loadings followed the same trend – 4.2%Pt/
TiO2 (50% conversion & 67% selectivity) < 2.4%Pt/TiO2 (71%
conversion & 86% selectivity) < 1.4%Pt/TiO2 (71% conversion &
89% selectivity) < 0.6%Pt/TiO2 (81% conversion with 95%
selectivity) aer 2 h reaction time. The activities of 2.4%Pt/TiO2
Fig. 2 (a) Effect of Pt loading on the catalytic activity for the liquid-phase
mL; temp: 30 °C; H2: 3 bar; substrate/metal molar ratio = 207; time: 2 h. (
TiO2 (R) for the liquid phase hydrogenation of FF. Reaction conditions: F
molar ratio = 207.

3892 | RSC Sustainability, 2024, 2, 3888–3896
and 1.4%Pt/TiO2 are similar suggesting that their structural
features, most likely Pt particle sizes, are similar.

The effect of heat treatment (R vs. C + R) on the catalytic
properties of the most active 0.6%Pt/TiO2 catalyst was investi-
gated and the results are presented in Fig. 2b. Similar to the
4.2%Pt/TiO2 catalyst, the 0.6%Pt/TiO2 (C + R) catalyst is more
active (97% conversion) than 0.6%Pt/TiO2 (R) (70% conversion)
with the same 2-FFA selectivity (ca. 95%). However, the differ-
ence in catalytic activity between the two heat treated samples is
much smaller for the 0.6%Pt/TiO2 catalyst (27%) compared to
the 4.2%Pt/TiO2 catalyst (74%). This suggests that the extent of
the role of heat treatment in the structural features of Pt/TiO2

depends on Pt loading. The catalytic performance data as
a function of the reaction time of the 0.6%Pt/TiO2 catalyst
(Fig. 2b) show a higher rate of FF conversion for the rst 2 h
(80% conversion) followed by a slower rate regime to reach
>98% conversion aer 6 h. Initially, the reaction was highly
selective to 2-FFA (100% aer 1 h); however, the selectivity
decreased slightly with time (95% aer 6 h). This reduction in
selectivity is due to the formation of an acetylation product (ESI
Scheme S1†). Among the catalysts tested in this work, 0.6%Pt/
TiO2 (C + R) is the most active catalyst for the liquid phase
chemoselective hydrogenation of FF to 2-FFA at 30 °C and is also
one of the most active catalysts reported for this transformation
(ESI, S3†).

Catalyst stability during the reaction and its reusability for
subsequent reactions are crucial for heterogeneous catalysts.
Reusability of the 0.6%Pt/TiO2 (C + R) catalyst was tested and
the results are presented in Fig. 3.

0.6%Pt/TiO2 lost activity during reuse, decreasing from 90%
conversion for the fresh catalyst to 35% conversion during the
3rd recycle. The 2-FFA selectivity also reduced from 95% to 51%
during the 3rd recycle. There is a clear deactivation of this
catalyst. Preliminary studies of the deactivated samples suggest
that the deactivation is due to the sintering of particles and
there is no leaching of Pt. However, detailed investigation is
needed.
hydrogenation of FF. Reaction conditions: FF: 4.45 mmol; i-PrOH: 15
b) Comparison of the catalytic data of 0.6%Pt/TiO2 (C + R) and 0.6%Pt/
F: 4.45 mmol; i-PrOH: 15 mL; temp: 30 °C; H2: 3 bar; substrate/metal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Reusability of the 0.6%Pt/TiO2 (C + R) catalyst. Reaction
conditions: FF: 4.45 mmol; i-PrOH: 15 mL; temp: 30 °C; H2: 3 bar;
substrate/metal molar ratio = 207; time: 3 h.
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Catalyst characterisation

To understand the relationship between the observed catalytic
behaviour, heat treatment protocols and metal loading, all the
catalysts were characterized by XPS, TEM and CO
chemisorption.
Fig. 4 Pt 4f core-level spectra of 4.2%Pt/TiO2 (C + R) (a); 4.2%Pt/TiO2 (R
0.6%Pt/TiO2 (R) (f); and 0.6%Pt/TiO2 dried (g) samples. For the lower Pt co
the spectra (b and e–g).

© 2024 The Author(s). Published by the Royal Society of Chemistry
To understand the effect of heat treatment protocols and Pt
loading on the valence states, the dried only, reduced only and
calcined + reduced materials were characterized by XPS (Fig. 4).
The dried 4.2%Pt/TiO2 catalyst (Fig. 4d) revealed two Pt species;
the rst at 72.7 eV corresponding to Pt2+ in Pt(OH)2, whilst the
peak at 74.7 eV is assigned to PtClx species, and supported by
a signicant corresponding chlorine signal (not shown). Calci-
nation (Fig. 4c) reduces the total chloride content; however,
some Pt–Cl species remain on the sample surface. Reductive
treatment at 450 °C reveals the characteristic asymmetric shape
of metallic Pt0(4f7/2) centered at 70.5 eV (Fig. 4b). For the
calcined + reduced sample the Pt0(4f7/2) binding energy is
slightly higher at 70.9 eV (Fig. 4a), and is expected for bulk
metallic Pt, and this indicates the absence of a strong interac-
tion between Pt and TiO2. The reduced only sample shows
a high negative BE shi (ca. 0.4 eV) compared to the calcined +
reduced sample. A strong electronic interaction between TiO2

and Pt or a large increase in the Pt metal particle size for the
reduced only sample can explain this negative BE shi. A strong
interaction between TiO2 and Pt results in the transfer of elec-
trons from Ti3+ to Pt and can result in a negative shi of the
Pt0(4f7/2) BE for the reduced only sample.29 Another interpreta-
tion could be the presence of large Pt nanoparticles in the
reduced-only sample resulting in a negative BE shi because of
the relaxation shi.43 For the 0.6%Pt/TiO2 sample, there is no
) (b); 4.2%Pt/TiO2 (C) (c); 4.2%Pt/TiO2 dried (d); 0.6%Pt/TiO2 (C + R) (e);
ncentrations, the Ti loss structure is evident in the range ca. 73–77 eV in

RSC Sustainability, 2024, 2, 3888–3896 | 3893
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Table 1 CO chemisorption and Pt surface concentration data for the supported Pt/TiO2 catalysts

Catalyst CO uptake mmol g−1 Dispersion (%) Surface area (m2 gPt
−1) Pt surface concentrationa

0.6%Pt/TiO2 (R) 0.00822 27 66 0.15
0.6%Pt/TiO2 (C + R) 0.0264 86 210 0.24
4.2%Pt/TiO2 (R) 0.00963 4 11 0.14
4.2%Pt/TiO2 (C + R) 0.0958 44 110 1.24

a Calculated from the XPS data presented in Fig. 4.
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difference in the Pt0 (4f7/2) binding energies between the
reduced only and calcined + reduced samples (70.6 eV for the
reduced only sample and 70.7 eV for the calcined + reduced
sample). The XPS data clearly indicate the difference in Pt
valence states for the reduced only and calcined + reduced
samples of 4.2%Pt/TiO2 catalysts. However, no such difference
in BE is observed for the 0.6%Pt/TiO2 sample and this matches
the catalytic activity trend observed for these catalysts. A
detailed BE assignment is provided in the ESI (Table S2).† To
investigate the reason behind the negative shi in BE between
the reduced only and the calcined + reduced samples of the Pt/
TiO2 catalysts, they were characterised by CO chemisorption
(Table 1).

For both loadings, the reduced only sample has a lower Pt
surface area compared to the calcined + reduced samples.
However, the difference between them is more pronounced in
the 4.2%Pt/TiO2 catalyst; the calcined + reduced sample has 10-
fold more Pt surface area compared to the reduced only sample.
However, for the 0.6%Pt/TiO2 catalyst, the calcined + reduced
sample has ca. 3-fold more Pt surface area compared to the
reduced only sample. This trendmatches well with the observed
catalytic trend for all these samples. Either Pt particle size
changes or the extent of TiOx covering the Pt surface (typically
called SMSI) can inuence the Pt surface area derived from CO
chemisorption measurements.

Selected Pt/TiO2 samples were characterized by scanning
transmission electron microscopy (STEM) to assess the Pt
particle size distribution (Fig. 5 and 6). The 4.2%Pt/TiO2 (C + R)
Fig. 5 Scanning transmission electron micrographs of (a) 4.2%Pt/TiO2 (C
extracts to highlight the presence of single atoms, irregular clusters and
marked area (i) showing the presence of Pt. Image ii shows the smaller

3894 | RSC Sustainability, 2024, 2, 3888–3896
sample (Fig. 5a) displays a narrow particle size distribution with
most of the particles being disordered nite aggregates of
atoms in the range of ca. 1–2 nm (Fig. 5a(ii) and (iii)). Several
sub-nm Pt clusters and single atoms of Pt can also be seen
(Fig. 5a(i)). On the other hand, the 4.2%Pt/TiO2 (R) sample has
a heterogeneous distribution of Pt particles (Fig. 5b). A large
proportion of the particles are coral-like structures (>50 nm)
with irregular shapes with a smaller number present as faceted
nanoparticles with diameters of approximately 1–5 nm
(Fig. 5b(ii)). This clearly indicates that the observed negative
shi in BE for the Pt0(4f7/2) peak is due to large (>5 nm) Pt
nanoparticles and not because of SMSI. Lattice measurements
of the larger particles give a spacing of 0.236 nm consistent with
the (111) plane in cubic Pt (ICDD 00-004-0802) (Fig. 5b(i)).
Careful analyses of the STEM images did not provide any
evidence of a TiOx layer covering the Pt nanoparticles' surface.
This rules out the possibility of a strong metal support inter-
action between Pt and TiO2. Fig. S5 (ESI)† shows the lower
magnication images of these samples further highlighting the
presence of large Pt nanoparticles with highly irregular shapes
in the reduced only samples. This is consistent with the CO
chemisorption data. The observed difference in catalytic activity
between 4.2%Pt/TiO2 (R) and 4.2%Pt/TiO2 (C + R) is therefore
determined to be due to the clear and distinct difference in
particle size and morphology. The STEM images of 0.6%Pt/TiO2

(Fig. 6a and b) show a similar trend. 0.6%Pt/TiO2 (C + R)
(Fig. 6a) has a mixture of small Pt particles (<2 nm) and some
sub-nm Pt clusters and Pt atoms (Fig. 6a(i)). However, 0.6%Pt/
+ R) with the marked areas (i–iii) shown as high-pass filtered, coloured
rafts; (b) 4.2%Pt/TiO2 (R) displaying large non-uniform corals with the
more uniform nanoparticles also present.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Scanning transmission electronmicrographs of (a) 0.6%Pt/TiO2 (C + R) with the marked area (i) highlighting the presence of single atoms,
irregular clusters and rafts and (b) 0.6%Pt/TiO2 (R) showing the irregular particles identified as Pt in image (ii). Image (i) shows the smaller more
uniform nanoparticles also present.
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TiO2 (R) shows a mixture of large Pt particles (>20 nm) with
irregular shapes (Fig. 6b) and small (<2 nm) Pt particles
(Fig. 6b(ii)). Again, the lattice fringe measurements determine
the particle to be Pt as opposed to PtOx (Fig. 6b(i)). This is
consistent with the difference in Pt surface area (Table 1)
observed for these two samples. Due to the presence of single
atoms, clusters, non-uniform corals and quasi-spherical Pt
particles a meaningful particle size distribution for these cata-
lysts could not be calculated.

Preliminary investigations were conducted to understand
the reason for the deactivation of the 0.6%Pt/TiO2 catalyst. XPS
spectra of the spent catalyst (aer 3 runs) show no difference in
the Pt0(4f7/2) BE compared to that of the fresh sample (ESI,
Fig. S7†), suggesting no change in the oxidation state or the
particle sizes of Pt in the deactivated catalyst. The Pt content of
the fresh and the spent samples of 0.6%Pt/TiO2, analysed by
ICP-MS, (ESI, Table S3†) did not show any change, ruling out Pt
leaching during the reaction. Preliminary low-resolution TEM
analyses of the fresh and deactivated samples (ESI, Fig. S8†) did
not show any major changes in the Pt particle size which aligns
with the XPS results of the spent sample. As mentioned above,
all these catalysts contain a heterogeneous mixture of Pt single
atoms, sub-nm clusters and large nanoparticles. Hence,
a meaningful particle size distribution cannot be calculated.
Due to this uncertainty in the Pt particle size distribution sin-
tering cannot be completely ruled out. Further investigation is
necessary to nd out the reason for catalyst deactivation.
Conclusions

Here we report that 0.6%Pt/TiO2 calcined and reduced at 450 °C
is an active and selective catalyst for the liquid phase hydroge-
nation of furfural to 2-furfuryl alcohol at 30 °C under 3 bar H2.
This is one of the most active catalysts reported in the literature
(ESI, Table S4†). XPS, CO chemisorption and STEM character-
ization of this catalyst revealed small Pt particles (<2 nm) with
uniform distribution, making it one of the most active catalysts
reported for this transformation. For both 4.2%Pt/TiO2 and
0.6%Pt/TiO2 catalyst heat treatment plays a crucial role. Direct
© 2024 The Author(s). Published by the Royal Society of Chemistry
high temperature reduction at 450 °C results in a mixture of
large Pt particles (>5 nm) with irregular shapes, small nano-
particles (ca. 2 nm) and some sub-nm clusters. STEM charac-
terization did not provide any evidence for a strong metal
support interaction (SMSI) in the reduced only samples.
However, calcination followed by reduction at 450 °C results in
a more uniform distribution of Pt nanoparticles. Consequently,
the calcined + reduced catalysts are more active than the
reduced only catalysts. The difference between the two heat
treated samples is more pronounced in 4.2%Pt/TiO2.
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