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We demonstrate a modified sol-immobilization procedure using
(MeOH)x/(H2O)1-x solvent mixtures to prepare Pd/TiO2 catalysts
that are able to reduce the formation of acid catalyzed
products, e.g. ethers, for the hydrogenation of furfural. Trans-
mission electron microscopy found a significant increase in
polyvinyl alcohol (PVA) deposition at the metal-support inter-
face and temperature programmed reduction found a reduced
uptake of hydrogen, compared to an established Pd/TiO2

preparation. We propose that the additional PVA hinders
hydrogen spillover onto the TiO2 support and limits the
formation of Brønsted acid sites, required to produce ethers.
Elsewhere, the new preparation route was able to successfully
anchor colloidal Pd to the TiO2 surface, without the need for
acidification. This work demonstrates the potential for minimiz-
ing process steps as well as optimizing catalyst selectivity –
both important objectives for sustainable chemistry.

Introduction

The behaviour of supported nanoparticle (NP) catalysts is both
exceedingly dynamic, evolving with changes to reaction
conditions, and sensitive, e.g. highly dependent on subtle
alterations of preparation. The understanding of how these
adaptions can be effectively exploited has become a significant
aspect of catalytic science. On this topic, supported palladium
NPs have proven to be a very effective class of catalysts and
there are many ways in which they can be prepared.[1–6] Of
these, sol-immobilization has proven a very attractive process

that is able to produce tailored NPs through systematic
investigations of the synthesis parameters. In general terms, the
synthetic process can be divided into four stages: (i) chemical
reduction of the precursor metal salt (e.g. Na2[PdCl4]), (ii)
capping of the formed colloids using a stabilizer (e.g. poly-vinyl
alcohol (PVA)), (iii) immobilization of the colloidal, and (iv)
filtration, washing and drying of the catalyst slurry. The system-
atic studies to date have focussed on the choice of reducing
agent,[2,7] synthesis temperature,[8,9] precursor concentration,[10,11]

and the nature of the stabilizing agent employed (electrostatic,
steric stabiliser).[12–15]
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Amongst these elegant studies, there is a general consensus
that optimising NP size (<3 nm) would correlate with high
activity. Without the presence of a stabilizer there is a direct
correlation between NP size and active catalyst surface area.
However, the use of a stabilizer complicates this relationship as
it alters the availability of substrate binding sites on NP
surfaces.[14,15] In this regard, we recently reported on the use of
mixed solvent mixtures (e.g. ethanol/H2O) in the preparation of
Pd/TiO2. The outcome of this study was that the choice of
solvent impacted the stabilizer-metal interaction, allowing
control of both the NP size and what sites were available.

The hydrogenation of furfural, towards furfuryl alcohol (FA)
or tetrahydrofurfuryl alcohol (THFA), used for manufacturing
resins[16] and as an agricultural solvent,[17] respectively, is a
crucial process in upgrading waste biomass within the sustain-
able chemicals industry.[18–23] The upgrading of such highly
functionalised molecules requires a high degree of specificity to
limit the generation of by-products. In our previous study, the
nature of furfural binding sites and the selectivity to either
hydrogenation product could be tuned by the choice of solvent
conditions used in catalyst preparation. However, one aspect
this adapted preparation could not address was the generation
of ether by-products.

In this study we report how systematic changes to the
solvent of synthesis, specifically the use of methanol, affords
the formation of NPs with tailored characteristic, whilst
simultaneously allowing for the removal of process steps. Using
methanol, and methanol-water mixtures, was able to achieve a
high degree of immobilisation without the need of support
acidification (Figure S1). Moreover, the Pd/TiO2 catalysts pre-
pared using methanol as part of the solvent mixture were more
directed towards the hydrogenation products of furfural,
suppressing the ether by-products.

Results and Discussion

Characterisation of prepared catalysts. The nomenclature
(Table 1) of the presented catalysts describes the choice of
synthesis solvent (W=water, Me=methanol), the inclusion of a
stabilizing agent (P=PVA used), and if support acidification was
performed (A=acidification performed). Solutions of Na2[PdCl4]
(0.128 mM) were prepared in water, methanol, and water-
methanol (MeOH)x/(H2O)1-x solvent mixtures (x=0, 0.5, or 1) and
characterized by UV-Vis spectroscopy (Figure S2a–c). The

[PdCl4]
2� anion exhibits ligand to metal charge transfer (LMCT)

absorbance bands at 210, 238, and 329 nm, alongside a d-d
transition at 410 nm.[24–26] These bands were observed for the
precursor solutions of PdWPA, PdWP, and PdW. However, when
using methanol in the precursor solution (i. e. for Pd50MeP,
PdMeP, Pd50Me and PdMe) shifts in the distinctive LMCT and d-
d transitions were observed. This confirms a change to the Pd
metal precursor complex when it is solvated in either the
MeOH/H2O mixture or in pure MeOH. This can be rationalised
by an exchange of Cl by MeOH, which has previously been
shown to shift the observed transitions to lower wavelengths,
as found in this work.[27] Once reduced, the appearance of a
broad absorbance band across the spectra was shown for all
solutions, confirming the formation of Pd colloids (Fig-
ure S2d).[18,28] The colloidal solutions were subsequently anch-
ored onto P25 TiO2 without acidification of the support, except
for PdWPA, where the solution was acidified to pH 1–2 upon
immobilization (Table 1).

The Pd wt% loading of each catalyst was determined using
microwave plasma – atomic emission spectroscopy (MP-AES)
(Table S1). Preparation of the Pd/TiO2 following a standard
route, including acidification and a water solvent system
(PdWPA), achieved a Pd loading of 0.83 wt%, as is commonly
found.[18] Removal of the acidification step results in a reduced
Pd loading for PdWP (0.25 wt%) and PdW (0.3 wt%) (Table 1).
The decrease in loading is consistent with previous work that
found acidification is required for adhesion of the colloid to the
TiO2 surface.[29] Conversely, when the acidification step is
removed and MeOH is present in solvent, similar (PdMeP=

0.86%) and higher (PdMe=0.96%) levels of immobilization
were observed. We subsequently prepared catalysts with
incremental loadings of Pd, e.g. 2.5, 5, 7.5 and 10 wt% Pd, and
found no significant detriment to immobilization at increased
Pd content, e.g. the 10 wt% analogue had a Pd loading of
8.9 wt% (Figure S3). In addition, the adaptability of our MeOH
based synthesis was measured in the immobilization of Pd NPs
onto different supports; SiC, SiO2, ZnO, MgO, Fe2O3 and CeO2

(Table S2). Our updated method provides comparable, if not
better loadings than the WPA counterparts. However, we did
observe low loadings (0.03 wt% Pd) when immobilizing the
MeOH prepared NPs onto both SiO2 and Fe2O3.

Sulfur is a known poison for many reactions involving Pd
NPs and the removal of acidification has the potential to
change the residual S environments present.[30–32] To assess this
we utilised S K-edge X-ray absorption near edge structure

Table 1. Temperature and synthetic conditions applied in the preparation for each Pd/TiO2 catalyst. All catalysts were prepared at a constant temperature of
1 °C. Pd loading was measured using MP-AES, average Pd nanoparticle size was assessed using TEM imaging counting 200–300 particles per sample.

Catalyst MeOH
[vol.%]

PVA
stabilization

Acidification of
catalyst slurry

MP-AES [Pd]
[wt.%]

TEM NP size
[nm]

PdWPA 0 3 3 0.83 2.6�1.4
PdWP 0 3 × 0.25 1.7�0.7
Pd50MeP 50 3 × 0.91 1.7�0.7
PdMeP 100 3 × 0.86 1.8�0.8
PdW 0 × × 0.30 3.1�1.5
Pd50Me 50 × × 0.91 3.6�1.6
PdMe 100 × × 0.96 3.3�2.3
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(XANES) analysis (Figure 1, Figure S4). The presence of sulfur
was observed on all catalysts, however, the intensity of the S
fluorescence intensity was significantly higher for PdWPA – the
only catalyst that used an acidification step with H2SO4. The S K-
edge XANES spectrum of PdWPA shows a distinct white line
peak at 2482 eV, and is identified as sulfur in the S6+ oxidation
state (e.g. SO4

2� ).[33,34] A low intensity peak is also observed for
all samples at ~2472 eV. Features at this position have been
ascribed to S0, sulfide formation, or Pd� S interactions. However,
the limited S K-edge XANES literature for these systems and the
negligible energy shifts of this feature makes accurate assign-
ment difficult.[33,35–38] From our data we have demonstrated that

our adapted synthetic protocol is able to significantly reduce
the residual S present within supported Pd NP catalysts.

All powdered catalysts were characterised using trans-
mission electron microscopy (TEM), with their average NP sizes
and particle size distributions/dispersions evaluated using
ImageJ software (Figures S5, S6).[39] An initial comparison of
catalysts PdWPA and PdWP, shows that an acidified immobiliza-
tion step increases the average NP size (PdWP=1.7 nm,
PdWPA=2.6 nm), agreeing with our previous work in this
area.[10] However, it is important to note there is a stark decrease
in Pd loading for PdWP (0.25 wt%).

The greater NP size observed for PdWPA has previously
been ascribed to the interaction of the stabilising agent with
the acid during the immobilization phase; as the acid is added
to the catalyst slurry, it strips away the PVA from the NP surface,
leading to the aggregation of the NPs.[40] However, the acid-
ification is required to ensure higher Pd loadings when using
water as a solvent. The samples prepared using MeOH (PdMeP
and Pd50MeP) achieved good immobilization without acid-
ification and led to smaller average Pd NP sizes compared to
PdWPA (Pd50MeP=1.7 nm, PdMeP=1.8 nm). We also found
that the absence of PVA (i. e. PdMe) yields Pd NPs with greater
instances of particle agglomeration on the support surface;
agreeing with prior studies on the importance of the stabilising
agent.[12–15] These findings were further supported by scanning
transmission electron microscopy (STEM) using a high angle
annular dark field detector (HAADF), coupled with energy
dispersive X-ray (EDX) analysis (Figure 2).

The characteristic frequency of CO stretching vibrations,
using probe molecule adsorption FTIR, is effective for under-
standing the nature of available surface.[18,41–44] The character-
istic CO adsorption bands for PdMe, PdMeP, and PdWPA
(Figure 2) are: (i) a peak at ~1875 cm� 1 that describes the

Figure 1. S K-edge XANES region for samples PdWPA and PdMeP. Insert is
the expanded XANES profile for the pre-edge region.

Figure 2. STEM HAADF images and corresponding EDX maps of (a) PdWP, (b) PdMeP, (c) PdW, and (d) PdMe.
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adsorption on 3-fold surface sites;[45,46] (ii) and (iii) represent
adsorption band at ~1975 and 1945 cm� 1 from bridge-bonding
of CO, which shift to higher wavenumber as a result of dipole-
dipole coupling of adsorbed CO;[47–49] (iv) and (v) at ~2063 and
2086 cm� 1 are assigned to CO linearly adsorbed on edge and
corner sites of Pd NPs, respectively;[50] finally (vi) a peak at
~2120 cm� 1 from the adsorption of CO Pd+

.
[45,46] In this study,

the relative intensity of the CO adsorption bands through
transmission FTIR studies are indicative of the total number of
adsorption sites per unit mass. Assessing the relative intensities
of the CO adsorption bands in Figure 3, the PdMe catalyst has a
much lower CO coverage per gram of catalyst. This is a
consequence of the dense agglomeration observed in the TEM.
However, for PdMe there is a high relative fraction of bands

with linear adsorbed CO on well resolved corner sites. On the
inclusion of PVA, the stabilising effect limits the coalescence of
Pd and the total number of surface adsorption sites is greater
than for PdMe.[12,14,18] Elsewhere, we observe a greater linear:
bridged CO ratio for PdMeP compared to PdWPA. This provides
a greater number of sites for binding the aldehyde functionality
of furfural, and should promote the hydrogenation pathway
towards furfuryl alcohol, as has been reported previously.

X-ray absorption fine structure (XAFS) was also used to
assess changes to Pd oxidation state (X-ray absorption near
edge structure - XANES) and the local structural environment
with respect to Pd (extended X-ray absorption near edge
structure - EXAFS) (Figure 4).[51] The per atom average provided
by XAFS allowed the zero-valent (Pd0) and oxidised (Pd2+)
components of the catalysts to be calculated through linear
combination analysis (LCA) of the XANES region (Figure S7,
Table S3). The LCA identifies two competing factors that
influence the amount of Pd2+ - particle size and the presence of
PVA. Pd surfaces are known to form passivating oxide layers on
exposure to air with increased temperature required to form a
bulk oxide structure. Ultimately, the Pd2+ fraction corresponds
to the amount of available Pd surface and therefore particle
size.

However, in this series there are examples where this
particle size trend is not uniform, e.g. PdW (Pd2+ fraction=

32.4%) has a comparable oxidic fraction to PdWP (31.9%),
despite having a larger particle size (3.1 vs 1.7 nm). Elsewhere,
the PdMeP catalyst has a larger oxidic fraction (~41%) than
other systems of other systems of comparable particle size. This
information is in agreement with the CO adsorption FTIR data,
which demonstrates that amount of accessible surface is
influenced both by particle size and surface site accessibility;
the latter of these points is controlled by the metal-stabilizer
interaction, which is influenced by the choice of solvent.

Analysis and fitting of the higher energy EXAFS region
agreed with the characterization discussed previously (Fig-

Figure 3. CO probe molecule FTIR analysis performed on catalysts PdWPA,
PdMeP and PdMe. Bands i–vi are described as bridged (i–iii) and linear (iv–vi)
CO adsorption to the Pd NPs.

Figure 4. Pd K-edge magnitude FT and chi XAFS data for (a) PdWPA, PdWP, Pd50MeP, and PdMeP, and (b) PdW, Pd50Me, and PdMe.
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ure S8, Table S3 and S4). The formation of small Pd NPs were
identified through: (i) the presence of a Pd� O scattering path at
1.7 Å, indicative of the passivated oxide layer;[52] (ii) a decrease
in the magnitude of the 1st shell Pd� Pd scattering path (~
2.8 Å), with respect to a Pd foil; and (iii) the formation of large
crystalline PdO phases is discounted by the absence of a Pd� O
scattering path at 3 Å.[52]

Catalytic activity testing. All catalysts were evaluated for
the hydrogenation of furfural at 50 °C (Scheme 1, Figure 5). The
reaction conditions were optimised based on previous work to
ensure operation under kinetic regime.[18] The XANES, EXAFS,
and TEM data have all confirmed that PdMeP contains smaller
NPs than PdWPA. However, the initial catalytic activity confirms
that PdWPA has a significant increase in initial TOF (288 mol
(molPd� 1) hr� 1, vs. 195 mol (molPd� 1) hr� 1) (Figure 5a, Table S5).
Considering that PdMeP is known to contain smaller particles,
why is it less active? Although the absolute conversion suggests
a stark change in performance, analysis of the product
distribution goes some way to rationalising this. The initial yield
(i. e. at the same time point as the TOF calculation) of products
derived from the major hydrogenation processes (i. e. FA, THFA)
for PdWPA and PdMeP are 8.3% and 6.7%, respectively. The
selectivity at isoconversion and product yields for all catalysts
can be found in the supplementary datasets for this work,
Figures S9–S12, Tables S6–7. There is still an observable differ-
ence between these two values, but it is not the increase the
TOF would imply. The other major product produced from
PdWPA is the acetal, (2-(diisopropoxymethyl) furan, that arises

from the direct reaction of furfural with 2-propanol (isopropyl
alcohol (IPA)), that forms selectively over TiO2 surfaces.

[53,54]

In this work, we found that furfural hydrogenation per-
formed over the bare TiO2 support displayed 98.4% selectivity
to the acetal (2-(diisopropoxymethyl) furan, Table S7, Fig-
ure S13).

The increase in activity can, to a significant extent, be
rationalised by the presence of additional Brønsted acid sites to
produce acetals. The same influence catalysis is also seen when
we consider the selectivity distribution after 5 hours of reaction
time (Figure 5). The relative yield of all ether products is
reduced for catalysts where both methanol in the solvent and
PVA have been used, e.g. PdMeP has a total ether yield of
5.8%, whereas PdWPA has a total ether yield of 22.8%.
Furthermore, the selectivity to hydrogenation products FA and
THFA for PdMeP and PdWPA, were 47.9 and 50.0%, respectively.
This is noteworthy as PdWPA has ~22% increase in furfural
conversion at 5 hours of reaction time. Where, the Pd/TiO2

catalysts have been prepared using methanol as a solvent, but
in the absence of PVA (e.g. PdMe and Pd50Me), we do not find
the same preference for hydrogenation products over the
production of ethers. For example, PdMe produces a greater
yield of ether products than PdMeP (8.5% vs. 5.8%), although
the overall conversion is significantly lower. To understand
these differences in activity/selectivity we performed further
HRTEM investigations of the fresh PdMeP (Figure 6). These
studies identified a thick amorphous layering of PVA surround-
ing the NPs produced using MeOH (e.g. PdMeP) and at the
interface between the NPs and the support. We propose that
the poor solubility of PVA in methanol is responsible for this
increase clustering of PVA on the catalyst surface/support
interface. This clustering of PVA then reduces access to
interfacial sites.

The properties of the polymer stabilizer used during sol-
immobilization synthesis are also worth consideration when
designing and preparing colloidal nanoparticles via this meth-
od. In the main, a long chain polymer, such as PVA, will
associate with the NP through steric interactions, non-bonding
interactions, or a weak interaction between � OH
functionality.[55,56] In colloidal solutions, it is the presence of the
capping agent around a NP, and the electrostatic, or in the case
of PVA’s, steric repulsion between like capped NPs that prevents
the colloid from collapsing.[57] Moreover, Chowdhury et al.
described a change in the available surface sites on PVA capped
Pd NPs by introducing EtOH into the synthesis solvent. Here,
the interactions of H2O and PVA in the solution decreased, with
EtOH-H2O becoming the norm. With this, the � OH function-
alities of PVA bound with greater strength to the Pd surface,
increasing the encapsulation of the NP, and reducing the access
to surface active sites.[58] The extent to which the catalyst
surface is blocked by the stabiliser and its sterics has also been
discussed by Medlin et al, wherein the sterics of the capping
agent had influence on how furfural could bind to edge and
terrace sites, resulting in hydrogenation or decarbonylation
reactions occurring, respectively.[15] Moreover, the extent of the
polymer chain length has also been reported to influence NP
size and activity. One such study was published by Dimitratos et

Scheme 1. Possible reaction pathways of furfural hydrogenation. Reaction
products shown are: furfuryl alcohol (FA), tetrahydrofurfuryl alcohol (THFA),
furfuryl isopropyl ether (FIE), tetrahydrofurfuryl isopropyl ether (THFIE), 2-
methylfuran (2-MF), 2-methyltetrahydrofuran (2-MTHF) and (2-
(diisopropoxymethyl) furan) (Acetal). Products FIE, THFIE, 2-MF, 2-MTHF and
acetal are denoted as ‘ether’ in presentation of hydrogenation data.
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al, where they reported that encapsulation of colloidal Au NPs
with longer polymer chains (MW�23,300 gmol� 1). Capping of

the Au colloid using PVA with high MW proved to be
preferential for ensuring a stable colloid, however, the final

Figure 5. Catalytic performance plots for hydrogenation of furfural using Pd/TiO2 catalysts synthesised following variations to protocol stated previously.
Conversion and selectivity were calculated after: a & c) 15 minutes and b & d) 5 hours. Reaction conditions: furfural 0.3 M, furfural./metal ratio 500 mol/mol,
5 bar H2, solvent: 2-propanol. Ether yield is presented as a grouping of the undesired by-products of FIE, THFIE, 2-MF, 2-MTHF and acetal.

Figure 6. HRTEM images of fresh PdMeP. Layering of the organic PVA can be seen surrounding both the titania support (a & b) as well as the Pd NPs (c)
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supported NP catalyst displayed decreased catalytic activity.[59]

This was rationalized by increased steric and electronic effects
of the polymer chains inhibiting access to the catalyst surface,
and has been corroborated by similar studies of PVP-capped Au
colloids.[60]

The conversion to acetals requires Brønsted acid sites on
the TiO2 surface.

[61,62] We recently published an article on Pd/NiO
catalysts and were able to demonstrate a dual-site hydro-
genation mechanism, where spillover of hydrogen onto the NiO
support was a significant part of the reaction pathway.[63] For
TiO2, hydrogen spillover creates surface hydroxyls that are able
to act as Brønsted acid sites required for ether formation.[64,65] It
has already been established that the generation of surface
hydroxyls on TiO2 can be enhanced through hydrogen spillover,
and that this has been linked to the production of ethers.[66,67]

Furthermore, the role of dual-site catalytic mechanisms of
Pd/TiO2, facilitated by hydrogen spillover from Pd to TiO2 has
been found previously.[68] Surfaces of TiO2 also contain catalyti-
cally active Lewis acid sites, however, recent studies have
shown that without the presence of Brønsted acid function-
alities, furfural cannot be readily converted to furanic ethers.[69]

Another possibility for the generation of Brønsted acid sites
could be accounted for by the presence of residual halide;
recently, it has been proposed that Pd� X interactions allow for
heterolytic H� H cleavage which gives rise to Brønsted acidity.[70]

To assess how the preparation method influences the
residual Cl speciation we performed a Cl K edge XANES study.
We observed a marked difference in the Cl environment before
and after reduction of the Pd precursor salt (Figure 7a & b and
S14). In the initial spectrum of the precursor complex a distinct
pre-edge peak positioned at 2821.7 eV represents the dipole-
allowed Cl 1s!3p transition to the doubly degenerate LUMO of
the precursor complex, where the LUMO has predominantly Cl
3p and Pd 4dx2-y2 character (Figure 7a).[71–73] Ultimately, a
feature at this position is indicative of Pd� Cl interactions. After

reduction and support immobilization, a shoulder at
~2821.7 eV can be seen for the prepared catalysts. The
presence of unreduced Na2PdCl4 can be discounted as full
reduction of the salt is shown in the UV-Vis spectra (Figure S2d).
We rationalise that this Cl signal arises from adsorbed chloride
on the Pd surface as others have also reported.[74,75] Between
samples PdWPA and PdMeP, this feature has comparable
intensity, suggesting a similar amount of surface Cl, however
we see no selection to the acid catalysed product for PdMeP. If
adsorbed halide species were to be the governing factor for
promoting Brønsted acid sites, we would expect both catalysts
to have comparable selectivity. In our work, we found no
evidence that the selectivity profile was controlled as a result of
Pd� X interactions. To understand the influence the colloidal
solvent has on the accessibility of TiO2 Brønsted acid sites, we
utilised hydrogen temperature programmed reduction (H2-TPR)
to measure the uptake of H2 for the PdWPA and PdMeP
catalysts (Figure 8). The H2-TPR data for both catalyst exhibits
three features below 350 °C: (I) a negative peak at ~50 °C, which
is assigned to the decomposition of Pd hydride,[76–80] (II) an
additional negative peak between 100–150 °C that is indicative
of dehydration,[81] and (III) a positive feature between 200–
350 °C that has been reported as the reduction of Ti4+ to Ti3+ in
the vicinity of Pd, i. e., hydrogen spillover from Pd to the
support.[82,83]

Comparing the TPR traces for PdWPA and PdMeP, it is clear
that the amount of hydrogen through spillover is far greater for
PdWPA (1.64 μL/g Pd) than PdMeP (0.10 μL/g Pd). Typically, in
the absence of hydrogen spillover, reduction of Ti4+ to Ti3+ is
found to occur at temperatures >600 °C.[82] This observation is
consistent with our hypothesis of a dual-site mechanism for our
acid catalyzed products, which are produced most significantly
for the PdWPA system. We performed both NH3-TPD and NH3

adsorption using DRIFTS couple with MS (Figures S15–16).
However, as a consequence of the carbonyl bands of PVA,

Figure 7. Normalised Cl K-edge XANES data acquired for the Pd precursor salt (a) and the prepared Pd/TiO2 catalysts (b), the insert graph of figure b shows
the shoulder peak at 2821.7 eV.
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which appear in the region of interest (1700–1300 cm� 1), we
were unable to easily identify the bands of NH3 adsorption on
Brønsted acid sites (~1460 and 1689 cm� 1) Pyridine adsorption
would also result in bands in this area of the spectrum and so
we did not pursue this further.[84] On this matter, there may be
limited value in assessing the extent of acid sites on the initial
catalyst, as they are likely to be generated in situ, during
catalysis.

Returning to the catalytic activity of our Pd/TiO2 catalysts,
we evaluated the stability of the synthesised catalysts by
performing six successive hydrogenation cycles (Figure 9, Fig-
ure S17, and Tables S9–11). The catalysts prepared without PVA,
i. e. PdMe, quickly deactivated with almost negligible perform-
ance by the 6th successive cycle. However, there are two key

observations: (i) they both exhibit comparable activity and
selectivity profiles after 6 successive cycles and (ii) the
production of THFA drops to a negligible amount during the
recyclability tests (PdWPA=0.8% yield, PdMeP=1.5% yield).
The consistent selectivity profile for both PdMeP and PdWPA,
with both producing a majority of acid catalyzed product, is
concurrent with the progressive removal of PVA (PdWPA=0.9%
acetal yield, PdMeP=1.1% acetal yield). The disappearance of
THFA in the product distribution can be explained based on
one of our previous findings: after successive cycles, the Pd NPs
become carbidized which is, in part, responsible for a loss in
overall catalytic activity.[18] The carbidization, causes an expan-
sion of the Pd� Pd distance, which has previously been shown
to affect the nature of adsorption sites, using CO as probe

Figure 8. H2-TPR profiles of fresh catalysts: a) PdWPA, and b) PdMeP.

Figure 9. Catalytic performance plots for the hydrogenation of furfural over prepared Pd/TiO2 catalysts. All catalysts were tested in 6 successive hydrogenation
cycles. Catalysts were recovered from the previous test, dried and reused. Substrate conversion and product selectivities were calculated at 3 hours reaction
time prepared catalysts: a) PdWPA and b) PdMeP. Reaction conditions: 50 °C, furfural 0.3 M; furfural:metal ratio 500 mol:mol, 5 bar H2, solvent: IPA. Ether yield
is presented as a grouping of the undesired by-products of FIE, THFIE, 2-MF, 2-MTHF and acetal.
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molecule. Our previous study has shown the carbidization
causes a shift to a greater fraction of linear adsorbed CO
species, and this change has been established to direct the FA/
THFA selectivity. To assess the structural changes of these used
catalysts in more detail, they were studied using STEM-HAADF
analysis and XAFS spectroscopy (Figures 10 & 11, respectively).

Characterisation of recycled catalysts. The STEM analysis
(Figure 10) of the spent sample shows, that when PVA is not
present, the samples quickly agglomerate and effective surface
area of Pd rapidly diminishes; for PdMe, particles with a
diameter >20 nm are observed. The average particle size
increases for all samples, however, in some cases only a
relatively small fraction of particles was found (as a conse-
quence of the agglomeration), which limits the accuracy of the
particle size analysis. XAFS was subsequently used to provide a
more definitive analysis of the extent of NP growth.

XANES acquired for the spent catalysts show a reduction in
the appearance of an oxidised Pd state, through a decrease to
the intensity of the main edge transition, often referred to as
the ‘white line’ (Figure 11a–c), which is indicative of particle
growth, i. e. a larger particle has a smaller fraction of oxidized
surface particles.

Elsewhere, growth in particle size is also established
through an increase in the 1st shell Pd� Pd coordination number,
e.g. the Pd� Pd coordination number increases from 6.7 to 11.2
for WPA, which is conclusive evidence of significant particle
growth (Figure S18, Table S12). This loss in effective metal
surface area, is one of the key factors in reducing overall
catalyst activity after the six successive cycles. The ability of Pd
to form carbidic nanoparticle on exposure to hydrocarbon
reactant feeds at elevated temperature has been reported since
the 1980s,[85,86] where the authors were able to correct previous

Figure 10. STEM-HAADF images of spent 1 wt% Pd/TiO2 post furfural hydrogenation and their corresponding EDX maps: a) Used PdMeP, b) Used PdMe.

Figure 11. XAS spectra for the fresh and used catalysts, used data acquired after 6 successive hydrogenation cycles. Top row (a–c) XANES, bottom row (d–f) FT
EXAFS data. PdWPA (a & d), PdMeP (b & e), PdMe (c & f). Expansions to the Pd lattice is observed for all FT EXAFS datasets.
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literature in the 1970s that ascribed the lattice expansion on
exposure to ethylene to the formation of Pd hydride.[87] Since
then, there have been a variety of studies that have identified
the formation Pd carbide using other hydrocarbon feeds, e.g.
ethanol, CO, and pentyne.[86,88–91] The diffusion of carbon into
the bulk lattice is limited for bulk Pd compared to their smaller
nanoparticle counterparts and has led to the use of XANES and
EXAFS to study the formation of Pd carbide. The structural
information provided by XANES/EXAFS is not limited by the lack
of long-range order and has provided more insight than
diffraction based methods for the small nanoparticles typically
used in heterogeneous catalysis.[92]

Such methods are now considered the mainstay of identi-
fication of Pd carbide.[93–96] The shift in the position of the
second peak maximum is observed for both hydridic and
carbidic forms of Pd; however, the broadening of the first peak
is only observed for Pd carbide.[52,92] It is this specificity that
allows us to assign the presence of Pd carbide for the spent
catalysts in this study. Furthermore, the corresponding Fourier
transforms of the chi-data further confirmed the formation of
an interstitial structure type (Figure 11d–f). The significant shift
in the Pd� Pd scattering magnitude toward a larger radial
distance (R), is consistent with the formation of heteroatom
inclusion into the Pd FCC lattice.[97] Such an expansion can also
be found for Pd hydride, however, the XANES profile is not
consistent with Pd hydride and the hydride phase is not stable
in the absence of an overpressure of hydrogen.

Conclusion

In this study, we report a modified sol-immobilization proce-
dure for the preparation of supported Pd NPs using colloidal
methods. The adapted colloidal method utilises MeOH within
the solvent mixture during colloidal formation, yielding Pd/TiO2

catalysts with an increased Pd loading compared to the
conventional water based Pd/TiO2 catalyst (PdWPA). Further-
more, particles with an average size of ~3 nm could be
prepared in the absence of a capping agent. However, smaller
Pd NPs (<2 nm) were formed when using PVA as a stabiliser.

Elsewhere, the use of MeOH in the solvent mixture had a
major impact on the hydrogenation of furfural; it suppressed
the production of acid catalyzed by-products. The formation of
acetals and ethers is rationalized by the spillover of hydrogen,
creating surface hydroxyls, that occurs to a much greater extent
for PdWPA compared to PdMeP, as found with H2-TPR
measurements.[61,62] For the Pd nanoparticles prepared using
MeOH as a solvent, a ‘halo’ of PVA at the metal-support
interface was found, that we propose suppresses formation of
Brønsted acid hydroxyls on the TiO2 surface.

Experimental Section
Catalyst Preparation. Supported Pd NPs were prepared following a
standard sol-immobilisation method where the temperature of
chemical reduction was kept at 1 °C. Pd colloids were prepared
using [Na2[PdCl4] solvated into solutions using deionised H2O

(18.2 MΩcm) or MeOH (>99% trace impurity, Sigma) to the
desired Pd metal concentration (1.26×10� 4 M). For catalysts
synthesised with the inclusion of a stabilising agent (PVA), an
aqueous solution was prepared (PVA/Pd (w/w)=0.65) and added.
Solutions of NaBH4 (0.1 M; NaBH4/Pd (mol/mol)=5) were prepared
fresh and added dropwise to each solution, over the course of a
minute with stirring, to form dark brown-black sols. The solutions
were left for 30 minutes as to fully reduce the Pd species, following
this the sols were anchored onto TiO2 (commercial P25) under
vigorous stirring conditions, with the quantity of support material
calculated to yield a final metal loadings of 1, 2.5, 5, 7.5 and
10 wt% Pd. Where required, the catalyst slurry was acidified to
pH 1–2 using sulfuric acid. All catalyst slurries were left to stir for
1 hour to accomplish full immobilisation of the colloid to the metal
oxide support. The catalyst slurries were filtered, washed thor-
oughly using deionised water, and dried overnight at room
temperature (Figure S1).

Ultra Violet-Visible Spectroscopy. Reduction of the precursor Pd
species was analysed using UV-Vis spectroscopy. 4 mL of the
catalyst solution was analysed at a time, with samples taken at
0 mins, 15 mins and 30 mins. Full reduction of the Pd species was
observed when a broad absorbance band appeared in the spectra
(between 200–800 nm). Samples were characterised using a
Shimadzu UV-1800 spectrophotometer in a quartz cuvette, using
the synthesis solvent as a reference (i. e. MeOH was used for
catalysts prepared using solely MeOH in the mother solvent).

Transmission Electron Microscopy (TEM), Scanning TEM (STEM),
High Angle Annular Dark Field and Bright Field STEM (HAADF &
BF STEM), and High Resolution TEM (HRTEM). Catalysts charac-
terised for TEM, HAADF/BF STEM and HRTEM were prepared by
crushing the powdered sample between two glass microscopy
slides. Holey carbon mesh Cu TEM grids were passed through the
powdered catalyst liberally and the excess was tapped off of the
grids. TEM images were acquired using a JEOL JEM 2100 EM at the
Research Complex at Harwell, Didcot, U.K. High angle annular dark-
field (HAADF) atomic resolution and high resolution (HRTEM)
imaging were performed using the probe-corrected JEOL
ARM200CF Scanning TEM (STEM), operating at 200 kV, on Johnson
Matthey’s electron microscope at the I14 (ePSIC) beamline,
Diamond Light Source (DLS), Didcot, U.K.

Microwave Plasma – Atomic Emission Spectroscopy (MP-AES). Pd
metal wt% loadings were calculated using MP-AES, with the fresh
Pd/TiO2 catalysts (3×0.1 g) added to a solution of aqua regia (3 : 1
HCl: HNO3, Sigma, trace metal purities). These solutions were then
sealed in PTFE tubes and placed into an Anton-Paar Microwave
3000 centrifuge with one tube containing an aqua regia blank.
Samples were heated to 200 °C and held for 40 minutes before
cooling to room temperature. Samples were diluted to 1% metal
solutions (volume) using deionised water (18.2 MΩcm). Support
particulates were removed from solutions before analysis by
filtering through a syringe filter-tip. Pd metal standards were
prepared and measured first to calibrate the emission spectrometer.
All standards, blanks and samples were vaporised and passed
through a microwave induced plasma, exciting electrons in the
sample. On their return to the ground state the element specific
emission was detected using an Agilent Technologies 4100 MP-AES
at four wavelengths of light corresponding to palladiums atomic
transitions.

Infrared CO Chemisorption Studies. Fourier transform infrared
(FTIR) transmission spectra were acquired using a Nicolet iS10
spectrometer at a spectral resolution of 2 cm� 1 and an accumu-
lation of 64 scans. For each catalyst, ~25 mg of the catalyst was
pressed to form a 13 mm diameter pellet. After placing the pellet
inside of the transmission cell, the chamber was purged with He for
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30 minutes (He flow rate=30 mL/min), and a background spectrum
was recorded. 10% CO/He was pulsed into the chamber for
30 seconds at a time at a flow rate of 10 mL/min. CO was dosed
over the pellet until complete saturation of the pellet surface was
achieved, normally 3–4 pulses. At this point the gas was switched
to He for 30 minutes at 30 mL/min, removing gaseous and
physisorbed CO from the chamber and pellet surface respectively.

H2 Temperature Programmed Reduction (H2-TPR). Measurements
were taken using an Anton Paar ChemBet Pulsar. Sample surfaces
were purged at room temperature with Ar for 45 minutes. Analysis
was performed in 4% H2/Ar (total flow rate=25 mL/min) flow
heating the sample from room temperature to 500 °C, where the
ramp rate was 8 °C/min. The quantity of hydrogen consumed
during the reduction process was determined by a thermal
conductivity detector (TCD). Prior to TPR measurements, the TCD
was calibrated at room temperature by pulsing pure H2 (5 mL/min)
in 125 mL of gas into the ChemBet chamber under pure Ar (total
flow=30 mL/min). Data acquisition and manipulation was per-
formed using the TPR Win software.

X-ray Absorption Fine Structure (XAFS). XAFS studies were
performed to examine the Pd oxidation state (X-ray Absorption
Near-Edge structure/XANES) and the average Pd atom cluster size
from the 1st shell coordination number (Extended X-ray Absorption
Fine-Structure/EXAFS). Pd K-edge XAFS studies were carried out on
the B18 beamline at the Diamond Light Source, Didcot, U.K.
Measurements were performed in fluorescence mode using the
QEXAFS setup with a fast-scanning Si(311) double-crystal mono-
chromator, multi-element Ge and ion chamber detectors (for
sample and reference foils respectively). Spectra was acquired at a
time resolution of 1 min/spectrum (kmax=18), with 3 scans
acquired per sample.

Cl K- and S K-edge XAFS measurements were performed to
elucidate the presence, local geometry and oxidation state of the
target element on the catalyst surface. Cl and S K-edge measure-
ments were carried out on the BM28 beamline[98] (UK CRG - XMaS)
at the European Synchrotron Facility, Grenoble. France. At the
BM28 data was measured by running a variable point density
macro (XESCAN.MAC – Extended Escan: Variable point density). In
particular, energy scans can be performed for multiple consecutive
energy regions, with equal or different step (variable point density).
The samples were placed within a sample chamber and measure-
ments performed under a vacuum of approximately 10� 6 mbar, to
minimise air absorption at these ‘tender’ energies. The fluorescent
signal was detected using a silicon drift diode detector and
processed using a Mercury XIA digital signal processor. All spectra
at Cl and S K-edges were acquired in fluorescence mode.[74]

XAFS data was processed using the Demeter software
package[99,100]

Catalytic Studies. Furfural hydrogenation was performed at 50 °C
using a stainless steel reactor (30 mL capacity), equipped with a
heater, mechanical stirrer, gas supply system and thermometer. A
fresh solution of furfural (10 mL, 0.3 M in 2-propanol) was placed
into the reactor along with the desired quantity of catalyst (furfural/
metal=500 mol/mol). The reaction vessel was purged three times
with 3 bar N2 before being depressurised and again pressurised
with H2 to 5 bar and sealed. The mixture was left to reach 50 °C
before being mechanically stirred (1000 rpm), to ensure kinetic
regime conditions. At the end of the reaction, the autoclave was
cooled to room temperature (25 °C), and pressure was relieved. The
process of pressurising the vessel was repeated after reaction
samples were withdrawn. Reaction samples were removed periodi-
cally (0.2 mL) and mixed with the internal solvent (2-propanol) and

external standard (dodecanol) before being analysed in an Agilent
6890 gas chromatograph equipped with a Zebron ZBS 60 m×
0.32 mm×1 μm column. Authentic products (FA, THFA, etc.) were
analysed to determine separation times. Quantitative analyses were
performed using the external standard method, whereby GC peak
area of each product was compared against a known standard
(dodecanol). Unidentified ether products were identified using gas
chromatograph-mass spectroscopy (GC-MS) (Figure S13). Aliquots
of the reaction mixture were analysed using a Thermo Scientific ISQ
QD, equipped with an Agilent VF-5 ms column, 60 m×0.32 mm×
1 μm (inner diameter thickness).
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