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Metals in reduced and oxidised forms have taken centre
stage as active sites in a realm of transformations applied to
upgrade biomass, including hydrogenation and hydrode-
oxygenation (HDO), assisted by molecular hydrogen or by
hydrogen donors, oxidation, reforming and acid-catalysed con-
versions, comprising hydrolysis, dehydration, epi-/isomerisation,
aldol-condensation, the retro-aldol reaction and transfer-
hydrogenation. Initial studies focused on their chemical
identity, with different metals being deposited onto carriers
with loadings typically in the range of 5–10 wt% except for acid-
mediated reactions, where oxidised metals have been used in
the form of bulk or supported metal oxides or isolated centres
in porous materials. Owing to the relatively high metal content,
non-noble metals have been investigated in addition to noble
species.

The presence of multiple functional groups in bioderived
substrates has posed great challenges to catalyst selectivity and
stability. Indeed, such moieties, as well as the polar solvents
required for their conversion, can act as ligands, causing
blocking and leaching of the metal centres, and may lead to
fouling. These issues have triggered widespread attention
towards catalyst nanoengineering. Early studies placed
emphasis on tuning the electronic and geometric properties
of the metal through the addition of a second metal or via
confinement in carriers with tailored porosity, with the down-
side of generating more complex catalyst architectures and
compositions.3 In line with a general trend in catalysis
research, the last few years have witnessed increasing efforts
toward a more effective use of the active metal phase by
precise control of its size.
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Javier Pérez-Ramı́rez holds the
Chair of Catalysis Engineering
at ETH Zurich. His research
pursues the design of hetero-
geneous catalysts and reactor
concepts tackling current and
future energy, resource, and
environmental challenges of
society. His work has been
recognised by several awards,
most recently the Paul H.
Emmett Award in Fundamental
Catalysis of the North American
Catalysis Society. He directs a

National Competence Center of Research in Catalysis in
Switzerland and has a visiting appointment at the National
University of Singapore within the Flagship Green Energy Program.

Tutorial Review Chem Soc Rev

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ay
 2

02
0.

 D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 1
1:

22
:5

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cs00130a


3766 | Chem. Soc. Rev. , 2020, 49 , 3764--3782 This journal is © The Royal Society of Chemistry 2020

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ay
 2

02
0.

 D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 1
1:

22
:5

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cs00130a


insights into the catalytic systems investigated. Thermodynami-
cally, the corner sites on the stepped Pt(211) and Pt55 cluster were
more suitable for chemoselective decarbonylation than those on
the flat Pt(111) surface, which were favourable for hydrogenation.
Consequently, larger Pt NPs, with their surface being dominated
by flat and stepped structures, led to the synthesis of FOL,
whereas smaller Pt NPs, containing more corner sites, mainly
promoted the generation of furan via decarbonylation due to the
low activation barrier. Combining results from DFT calculations
and microkinetic modelling, it was concluded that a higher
abundance of corner sites on small Pt NPs (o1.4 nm) was key
to favour furan formation at 200 1C and 0.93 bar.

Very recently, Durndell et al. disclosed the influence of the
size of Ru NPs supported on SiO2 and SBA-15 to derive
structure–activity relations for liquid-phase furfural conversion.7

The variation of the Ru NP size also governed the two competing
reactions, i.e., hydrogenation and decarbonylation, distinctly from
the aforementioned Pt NPs. Although FOL was selectively pro-
duced over Ru NPs of any size (2–25 nm), there is a clear
dependence of the decarbonylation activity on the particle dimen-
sions. The turnover frequency (TOF) for furan formation was
98 h�1 over 2.3 nm Ru NPs, and sharply decreased to 1 h�1 over
24 nm Ru NPs at 10 bar H2. In strong contrast, the TOF of
carbonyl hydrogenation only changed from 237 to 307 h�1,
indicating its moderate structure dependency. This opposite
product distribution pattern was due to the distinct fraction of
low-coordinated sites on the differently sized NPs.

Ultrasmall Ru NPs deposited onto TiO2 were produced
through a method that exploited the ligand effect of tannic
acid, a bio-derived polyphenol, on Ru3+ and Ti4+ cations con-
tained in the metal precursors (Fig. 2a).8 Ru NPs with a size of
1.6 nm were obtained after calcination at 500 1C, which
exhibited the best catalytic performance for selective FOL
production (96%). Catalysts treated at higher temperatures
(600–700 1C) possessed a comparatively larger particle size, in
line with the detection of a diffraction line of metallic ruthe-
nium in the X-ray powder diffraction (XRD) pattern, and yielded
ca. 4–5-fold higher amounts of tetrahydrofurfuryl alcohol
(THFA) at 40 1C and 40 bar after 7 h (Fig. 2b).

The influence of the temperature of a sol-immobilisation
route using polyvinyl alcohol (PVA) on tailoring the Pd particle
size was explored.9 It was elucidated that a lower temperature
facilitated the generation of small-sized particles, i.e., 2.5 nm at
1 1C in pure water and 1.4 nm at �30 1C in a 1 : 1 ethanol–water
mixture. In furfural hydrogenation, the selectivity to FOL
increased whereas the THFA selectivity dropped with increasing
particle size in pure water, but the opposite trend was observed
in the alcohol–water mixture (Fig. 2c). These opposing results
could be rationalised considering the fraction of available
active corner and edge sites on the surface, which depends
on the size of the NPs as well as on their interaction with PVA.
According to infrared spectroscopy using CO as a probe mole-
cule, carbon monoxide mostly bonded linearly over available
corner and edge sites of the Pd NPs attained in the binary
medium, which promoted the FOL selectivity by binding
furfural in a perpendicular mode (Fig. 2d). On the contrary,

bridged and 3-fold bonded CO species were most abundant
over the Pd NPs prepared in water, indicating that furfural
binds with either the aldehydic group or the furan ring, accelerating
THFA generation.

Focusing on the alternative use of non-noble metals, Ma
et al. demonstrated the synthesis of a Co-loaded and rare-earth
metal-doped ZrO2 catalyst for the selective hydrogenation of
furfural under mild conditions.10 Doping with even a very small
amount of La (Co/ZrLa0.2Ox) more than doubled the surface
area of the support, leading to the formation of ultrasmall Co
NPs (1.1 nm). The addition of a surfactant in the synthesis
increased the support surface area and decreased the cobalt
average particle size without influencing the crystalline phase
of ZrO2, which remained tetragonal (Fig. 2e). Moreover, it led to
strong metal–support interactions (SMSI). Well-dispersed tiny
cobalt nanoclusters on ZrLa0.2Ox exhibited superior catalytic
activity than larger Co NPs on the same carrier, yielding 95%
FOL in water at 40 1C and 20 bar H2 after 10 h (Fig. 2f).

Similar observations regarding the correlation of SMSI and
the particle size distribution with the catalytic performance were
made by Goyal et al.11 The proposed organic matrix deposition
method induced strong interactions between the metal and a
nitrogen-doped mesoporous carbon material, resulting in higher
nickel dispersion on the support compared with conventional
synthesis methods such as impregnation, sol–gel, adsorption and
co-precipitation. In the catalytic reaction of 5-HMF to DMF,
superior activity was attained over small-sized Ni NPs (o5 nm)
due to SMSI effects.

Other valuable chemicals, such as 2-methyltetrahydrofuran
(2-MTHF) and tetrahydrofuran (THF), were targeted in the
hydrogenation of furfural via single-step ring hydrogenation
and decarboxylation over Pd/C catalysts. The use of NaBH4 as a
reducing agent decreased the average particle size of palladium
owing to the incorporation of boron in the metal lattice. Thus,
the smallest Pd NPs (4.8 nm) were formed by NaBH4 reduction,
which selectively produced 2-MTHF (40%) and THF (27%) with
complete hydrogenation of FOL, while larger Pd NPs (22.4 nm)
reduced using formaldehyde and 100% H2 (18.0 nm) led to
lower selectivities of 2-MTHF and THF. Additionally, the gene-
ration of FOL was favoured over smaller particles, suggesting
that ring hydrogenation and decarbonylation can be manipu-
lated by the type of reducing agent. Another support featuring
an inherent large pore diameter for the conversion of 5-HMF is
mesoporous silica.12 Highly dispersed and thermally stable Ru
clusters anchored within nanosized mesoporous zirconium
silica (Ru/MSN-Zr-20) displayed higher hydrogenation activity
in aqueous media at room temperature and 5 bar H2. The
average Ru NP size was affected by either the channel length of
mesoporous silica or the presence of Zr, following the trend
Ru/MCM-41 (3.8 nm) 4 Ru/MSN (1.6 nm) 4 Ru/MSN-Zr-20
(1.1 nm). Based on X-ray photoelectron spectroscopy (XPS), the
Ru/MSN-Zr catalyst contained Rud+ species, suggesting the
creation of electron deficiency for tiny Ru NPs. Therefore, both
the small size of the Ru NPs and electron deficiency were proposed
as the origin of the superior hydrogenation ability. The overall TOF
of 5-HMF hydrogenation was clearly size-dependent for sub-2 nm
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Fig. 2 Metal NP syntheses for furan hydrogenation. (a and b) Ru NPs of distinct size are attained using tannic acid as a chelating agent and tuning the
heat treatment temperature. FOL production is favoured on smaller NPs, while larger NPs also form some THFA. Reproduced with permission from ref. 8.
Copyright 2017 Wiley-VCH. (c and d) A water–ethanol mixture and a lower temperature lead to smaller Pd NPs on titania with respect to pure water and
higher temperature, as highlighted by the relative amount of linearly and two/three-fold bound CO on their surface. The two catalyst sets (water, A1: 1 1C
(2.5 nm), A2: 25 1C (2.7 nm), A3: 50 1C (2.9 nm), A4: 75 1C (5.2 nm); water–ethanol, B1: �30 1C (1.4 nm), B2: 1 1C (2.1 nm), B3: 25 1C (3.4 nm)) exhibit
opposite selectivity trends to FOL and THFA depending on the particle size. Reproduced with permission from ref. 9. Copyright 2017 American Chemical
Society. (e) Microscopy images of Co/ZrLa0.2Ox obtained without (i) and with (ii) the use of a surfactant and (f) catalytic performance of these and
reference Co-based catalysts, indicating how a smaller cobalt particle size correlates to higher FOL yields. Reproduced with permission from ref. 10.
Copyright 2018 American Chemical Society. (g) Au single atoms supported on Al2O3 are inferior to Au clusters in the hydrogenation of 5-HMF. Reprinted
with permission from ref. 14. Copyright 2013 Royal Society of Chemistry. (h) Promotional effect of FeOx decoration on the formation of smaller Au
clusters showing appreciable hydrogenation activity under milder conditions. Reprinted with permission from ref. 15. Copyright 2016 American Chemical
Society.
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also favoured the generation of Tol by further hydrogenation
or decarbonylation of 2-phenylethanol. DFT calculations indi-
cated that surface models including step and edge sites, as in
small Ru NPs, are associated with lower activation energies for
C–O bond scission.

Other Ru catalysts carried on Nb-based solids were devel-
oped by the same research group.29 The catalyst with the
smaller Ru particle size (Ru/Nb2O5-layer, 0.9 nm and 66.5%
dispersion) outperformed (up to 88% selectivity) the commer-
cial Ru/NbPO-CBMM catalyst (1.8 nm and 34.0% dispersion)
and Ru/HY-340 (1.9 nm and 33.3% dispersion) in the formation
of arenes from enzymatic lignin. When the Ru particles were
too small for the aromatic ring to adsorb, niobium species
activated the Caromatic–O bond to yield arenes. On the contrary,
the benzene ring of phenolic monomers adsorbed directly on
larger Ru NPs to form cycloalkanes.28,29 The superior arene
productivity of Ru/Nb2O5-layer seems to be linked not only to
the dispersion but also to the presence of Rud+ species, favouring
arene selectivity, which are detected for this catalyst as well as
Ru/HY-340, i.e., due to support effects.

Single ruthenium atoms supported on mesoporous graphitic
carbon nitride (Ru1/mpg-C3N4) were reported to facilitate either
hydrogenation or HDO of a typical lignin model compound,
i.e., vanillin, in water.30 The atomic distribution of the metal was
corroborated by HAADF-STEM, XRD, TEM and X-ray absorption
fine structure (XAFS). Such Ru SACs mediated the selective
hydrogenation or HDO of vanillin at distinct temperatures.
Specifically, vanillyl alcohol was produced at lower temperature
(60 1C), while the deoxygenated product, 2-methoxy-p-cresol,
was formed together with vanillyl alcohol at 120 1C and fully
converted into 2-methoxy-p-cresol at 140 1C. The selectivity
switch was rationalised based on DFT calculations, indicating
that although 2-methoxy-p-cresol is thermodynamically more
stable, higher energy barriers have to be overcome to produce
this chemical, which cannot happen at the lower reaction
temperature.

Bimetallic catalysts were demonstrated to circumvent the
handicaps of noble metals and nickel-based catalysts, i.e., the
availability and cost of the former and low activity at low
temperatures (o120 1C) and low dispersion of the latter.31

A Ni85Ru15 catalyst (2 nm) showed enhanced activity towards
aromatic monomer formation by the cleavage of b-O-4 linkages
under mild conditions (100 1C and 1 bar). This finding is
explained based on the facilitated reduction of nickel in the
presence of the second metal, which makes it possible to apply
lower temperatures upon catalyst activation, hence fostering
metal dispersion.

To investigate the validity of the systems developed for the
transformation of lignin model compounds when using real
feedstocks, some studies included tests with native lignin.24,28,31

For instance, Schutyser et al. carried out the conversion of pine
sawdust-derived lignin oil in methanol over Ru/C.24 Alternatively,
lignin oil mainly comprising 4-n-propylguaiacol was converted to
n-propylCHol with a 73% yield over 3 wt% Ni/CeO2 (ca. 5–6 nm)
at 300 1C and 20 bar H2. The impact of the size of Ru NPs on
the product distribution reported above was mirrored in the

transformation of enzymatically-derived lignin from corncob.28

Smaller particles supported on NbOPO4 (1.2 nm) were still sub-
stantially active for the cleavage of C–O bonds, yielding 90.6%
monomers and 68.7% C7–C9 arenes, while larger particles on
the same carrier (5.3 nm) mainly led to oxygen-containing com-
pounds (26.6%). Furthermore, the performance of the bimetallic
catalyst Ni85Ru15 for the depolymerization of birch wood sawdust-
extracted organosolv lignin into monomeric aromatics was also
consistent with that observed with model compounds, being
more active than pure metal catalysts.31

Polyalcohols

Concerning sugar alcohols, Liu et al. reported an effective
Cu–SiO2 catalyst (4.0–38.0 nm) for the selective hydrogenolysis
of xylitol into C2 and C3 polyols without generating methane.32

With the increment of the Cu particle size, determined by
dissociative N2O chemisorption, the TOF value and the selec-
tivity of combined alcohols (ethylene glycol, propylene glycol
and glycerol) monotonically improved, reaching an optimum
value (140.8 h�1 TOF and 66.2% combined alcohol selectivity)
for a size of 10.8 nm (90% Cu–SiO2, calcined at 550 1C) at 200 1C
and 60 bar for 2 h. On the other hand, the selectivities of lactic
acid and glycolic acid had an opposite pattern until 10.8 nm.
Recalcination and re-reduction after use enabled the original
conversion and C2 and C3 polyol selectivities to be retained for
four consecutive cycles, effectively removing the deposited
coke. Shifting focus onto sorbitol hydrogenolysis, Wang et al.
emphasised the correlation between the particle size of Cu
carried on carbon and the TOF and product distribution.33

Larger size and lower dispersion of copper were observed at a
higher metal loading. The variation of these properties was
reflected utterly in the TOF, which improved up to a Cu NP size
of 14 nm (from 10.4 to 54.8 h�1) due to the enlargement of
the active Cu(111) surface and remained stable upon further
particle growth. Besides, the combined selectivity to 1,2-propandiol
and lactic acid decreased constantly from 62.7 (5 wt% Cu/C,
5.8 nm) to 50.7% (25 wt% Cu/C, 14 nm), while the selectivity to
glycerol rose from 10.2% to 25.0% over the catalyst containing Cu
NPs of 14.0 nm. For the 25 wt% Cu/C catalyst, progressive sintering
upon cycling under hydrothermal conditions led to a decrease
of the sorbitol conversion and an increase of the selectivity to
lactic acid.

When considering the valorisation of glycerol, a burgeoning
by-product of biodiesel production from fatty acids, the ReOx–
Au/CeO2 catalyst offered unique features for allyl alcohol syn-
thesis with molecular hydrogen.34 Indeed, the hydrogenation of
the CQC bond contained in the desired product was hindered
by using a combination of Au, ReOx and CeO2, which is less
active in hydrogenation as compared to noble metals (Pd, Pt,
Ru, etc.), and by tuning the particle size of the Au cocatalyst.
ReOx–Au0.6/CeO2 (25 nm) and ReOx–Au0.3/CeO2 (12 nm)
prepared by impregnation led to an allyl alcohol selectivity of
83 and 95%, respectively, with the 1-propanol selectivity limited
to 11 and 3%, at 140 1C for 24 h. In stark contrast, when the size
of the Au NPs was reduced to 3 nm, by use of a deposition–
precipitation method, the selectivity to the allyl alcohols

Chem Soc Rev Tutorial Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ay
 2

02
0.

 D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 1
1:

22
:5

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cs00130a


dropped to 62% and that of 1-propanol rose to 30%. Based on
H2-TPR, the authors suggested that the Au cocatalyst boosted
the reducibility of rhenium oxide.

Other substrates

The fabrication of (ultrasmall) Pt NPs (0.7–5.3 nm) through
stabilisation with a resorcinol–formaldehyde resin opened up a
new route to the regioselective hydrogenation of quinolone
with unrivalled activity under ambient conditions.35 Specifi-
cally, Pt NPs of 1.2 nm were associated with a 6-times higher
TOF value than Pt NPs of 5.3 nm. The former exhibited almost
complete conversion and selectivity towards 1,2,3,4-tetrahydro-
quinoline (99% for both parameters) within 80 min and appre-
ciable recyclability (5 runs). Based on XANES and high-
resolution valence-bond XPS and proton nuclear magnetic
resonance spectroscopy (1H NMR), the particle size directly
related to the d-band vacancy and the adsorption strength of
quinolone and hydrogen, respectively.

Another unconventional method enabled the production of
high-loading Ni–N–C SACs for the valorisation of cellulose,
outperforming conventional Ni NPs supported on activated
carbon (Ni/AC) in terms of stability.36 Although the TOF of
glycolaldehyde hydrogenation on fresh Ni/AC was ca. 11-times
higher than on fresh Ni–N–C, the latter catalyst could be
recycled 7 times after use in one-pot cellulose conversion under
harsh conditions, while the activity over used Ni/AC (after the
second cycle) halved. This evidence was attributed to the strong
covalent bonding between nickel and the nitrogen atoms in the
host, preventing leaching and aggregation.

Oxidation reactions
In view of the oxygenated nature of biomass components,
oxidation reactions are considerably less widely applied in their
upgrading than H2-assisted transformations. Still, they play a
relevant role in the valorisation of two of the most important
sugar-derived platforms, 5-HMF and furfural, into 2,5-diformyl-
furan (DFF) and 2,5-furandicarboxylic acid (FDCA), potential
precursors for the polymer industry, as well as in the conver-
sion of glycerol, a side stream in the conversion of fatty acids
into biodiesel, into value-added products. The impact of the
size of classical noble metal NPs applied in the oxidation of
these substrates on the activity and selectivity has been
explored in a few studies. When non-noble metals are consi-
dered, isolated sites embedded in zeolite matrices or carbon
supports and low-nuclearity clusters stabilised on silicalite
stand as significant speciations for effective upgrading of both
furanic compounds and the triol.

Furans

Siankevich et al. studied the oxidation of 5-HMF into FDCA with
molecular oxygen using Pt NPs stabilised by PVP in water37

having five different average sizes between ca. 2 and 5 nm. They
showed that the rate of the catalytic oxidation decreases as the
size of the NPs increases, as expected in view of the reduced

metal surface available to activate and convert the substrate.
Moreover, they evidenced distinct product distributions after a
catalytic run of 6 h for catalysts containing NPs of distinct sizes,
uncovering the structure sensitivity of the consecutive oxida-
tion steps (Fig. 4a). Specifically, the oxidation of the CH2OH
moiety in 5-HMF to the CHO group in DFF is favoured over
larger NPs, whereas the oxidation of the latter into the COOH
group in FDCA is favoured over smaller NPs. These findings are
in line with the reaction rate constants estimated based on
kinetic modelling, indicating that the oxidation of the alcohol
function in 5-HMF to the aldehydic group in DFF is the most
facile step over the catalyst with bigger metal NPs. However, the
smallest Pt NPs are the most active in relation to the full
oxidation of 5-HMF to FDCA. Overall, the latter match the
performance of benchmark systems but advantageously operate
under milder conditions without the need for additives.

Artz et al. have reported the preparation of a Ru-based
catalyst showing 7-times higher productivity than the conven-
tional Ru/C catalyst in the aerobic oxidation of 5-HMF to DFF,
by using a covalent triazine framework as a carrier.38 The
nitrogen atoms contained therein served as anchoring sites
for the homogeneous Ru salt used as a precursor, minimising
the sintering of the noble metal upon reduction in H2. The
authors claimed that no nanoparticles formed upon this pro-
cedure based on the absence of defined aggregates in the TEM
images collected. Hence, they indicated that the activated
catalyst contains clusters, with the high metal dispersion being
the reason for its superiority. The mesoporous volume and
surface area of the support were stressed as relevant parameters
to reach this result. The catalyst suffered from deactivation due
to strong substrate and product adsorption, but reactivation
under a H2 flow enabled the recovery of a large fraction of the
original activity, permitting the recycling of the solid in four
further catalytic runs. Despite the fact that the study suggests
strong particle size effects, a more accurate determination of the
dimensions of the metal aggregates would be required to derive a
more quantitative relation between size and performance.

Zhou et al. introduced a Co-based SAC supported on
N-doped carbon (named Co SAs/N@C) obtained from a cobalt/
zinc-lignin (Co/Zn-L) complex for the oxidation of alcohols and
aldehydes, including furfural and 5-HMF, to the corresponding
carboxylic acids in the presence of molecular oxygen and
Na2CO3.39 The catalyst performance is generally inferior to that
of materials based on noble metals, but surpasses that of an
analogue, in which Co NPs were supported on the same carrier,
by a factor of 2, upon 5-HMF oxidation in relation to both
selectivity and activity. The latter observation was explained
not only in terms of dispersion, but also of the lower energy
barrier for the activation of furfural on the single atom catalyst,
in line with the behaviour of undercoordinated single metal sites
in a variety of reactions. While no insights were offered into the
evolution of adsorbates on the catalyst surface, the main role of
oxygen in removing abstracted hydrogen in the form of water
was proven by experiments using 18O2. It should be remarked
that such a direct comparison of catalysts featuring the metal
in NP or single atom form is rare in the studies reporting SACs,
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and the exact reason why single-atom species lower the reaction
barrier remains unclear.

Another example of a SAC applied in the oxidation of
furfural, to maleic acid in this case, comprises titanium silica-
lite applied by Alba-Rubio et al. in an aqueous medium con-
taining hydrogen peroxide as the oxidant (Fig. 4b).40 Titanium
silicalite, also called TS-1, is a pure-silica framework with MFI
topology in which titanium isomorphously substitutes silicon,
introduced by Enichem almost four decades ago. The isolated
lattice Ti4+ species showed remarkable activity and selectivity in
this application as well as in a number of other oxidation
reactions, and could also mediate other transformations due
to their intrinsic Lewis-acid character (vide infra). The men-
tioned study highlighted that the catalyst performance depends
on the quality of the active sites, with extraframework titanium

atoms forming inactive TiOx clusters blocking the access to the
active isolated sites. Upon reaction, the catalyst suffered from
fouling and moderate titanium leaching. Whereas the carbo-
naceous deposits could be successfully removed by calcination
in order to reuse the catalyst in subsequent catalytic cycles, the
loss of titanium is irreversible and, since it affected both
speciations of the metals, it brought beneficial and detrimental
consequences. While the oxidic deposits were cleared, improving
diffusion in the catalyst micropores, some of the desired catalytic
centres were also washed out in the long term.

Glycerol

The effect of the metal particle size in the aerobic oxidation
of glycerol in the aqueous phase has been investigated by
D’Agostino et al. on Au catalysts supported on titania.41

Fig. 4 Particle size and nuclearity effects in oxidation reactions. (a) Smaller Pt NPs encapsulated in polyvinylpyrrolidone (PVP) exhibit higher activity and
selectivity in the oxidation of 5-HMF to FDCA due to higher dispersion and favored DFF oxidation, respectively. Reproduced with permission from ref. 37.
Copyright 2014 Elsevier B.V. (b) The maleic acid yield is depleted in subsequent catalytic cycles over titanium-silicalite (TS-1) due to the progressive
extraction of Ti4+ cations from the MFI lattice and their aggregation into inactive TiO2. Reproduced with permission from ref. 40. Copyright 2017 Elsevier B.V.
(c) Smaller NPs of Au supported on titania show higher activity in glycerol oxidation due to stronger adsorption of the reactant. Reproduced with permission
from ref. 41. Copyright 2017 American Chemical Society. (d) High selectivity to DHA in glycerol oxidation is associated with low-nuclearity extraframework
clusters of oxidic iron on silicalite (S), which can be obtained by mild steaming of an iron-containing hydrothermally-prepared solid. Reproduced with
permission from ref. 42. Copyright 2015 American Chemical Society.
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Cellulose

Ogo et al. investigated the hydrothermal conversion of biomass
cellulose to light hydrocarbons over Pt/zeolite catalysts, finding
a Pt/NH4-USY catalyst as the material maximising the produc-
tion of C3 + C4 hydrocarbons (14.5 C% after 72 h reaction time)
even at 170 1C without hydrogen or other expensive reagents.47

The conversion of cellulose to liquid products was mainly
promoted over the acidic sites of the zeolite carrier, while their
further upgrading took place on the metallic sites. The size of
the Pt NPs was varied by altering the loading (1–3 wt%), the
metal incorporation method and the calcination temperature,
and was stable under the reaction conditions. The TOF value
increased with an increase of the Pt NP size up to 5 nm, while
levelling off for larger metal structures (Fig. 5b, bottom). This
evidence was explained based on the catalytic site requirement
for the dissociation of the carbonyl group of glucose to enable
hydrocarbon formation, including several metal atoms and
step-edge sites. Such sites can be provided by (311) and (331)
surfaces, which are only exposed if the NP size exceeds 5 nm.

Acid-catalysed reactions
Acid-catalysed reactions take centre stage in the conversion of
biomass into chemicals and fuels. They are required for
the decompositon of (hemi)cellulose into its building units
(i.e., hydrolysis) as well as in a number of transformations
(i.e., dehydration, epi-/isomerisation, retro-aldolisation, aldol-
condensation, and transfer-hydrogenation) valorising these
monosaccharides into platform molecules and further upgraded
products. Metals in oxidised forms best mediate these reactions,
whereby a major role is played by non-noble metals stabilised as
single atoms in porous crystalline frameworks. In this context, a
rich body of literature investigated zeolites and zeotype materials,
but a few significant alternatives based on metal organic frame-
works (MOFs) have also been reported.

Sugars, ketones and furans

Lewis-acid metals such as Al, Ga, Sn, Ti and Zr were incorpo-
rated into amorphous porous materials like MCM-41 and SBA-
15 and zeolites.48 Among the latter, the MFI and BEA frame-
works were most extensively explored as hosts for such well-
defined single atoms. Zeolite-based materials showed higher
efficiency in the conversion of hexoses and trioses, especially in
aqueous media, with those containing tin exhibiting the best
performances. This is due to the intrinsically stronger Lewis
acidity of this metal as well as the lack of its significant
Brønsted-acid character, typically mediating competitive path-
ways, in both isolated and aggregated forms. As for the latter,
SnOx clusters would not take part in the reactions. Hence, the
detrimental effect of clustering simply is inefficient metal
utilisation.

Sn-containing beta zeolites prepared using hydrothermal
synthesis displayed unrivalled activity and selectivity in the
isomerisation of glucose to fructose and mannose, xylose to
xylulose, lactose to lactulose and DHA to lactic acid and alkyl

lactates, in the one-pot conversion of glucose to lactic acid
(through consecutive isomerisation, retroaldol reaction and
isomerisation), in the conversion of 5-HMF into furan deriva-
tives and of furan into p-xylene, and in the C–C coupling
between DHA and formaldehyde (Fig. 6a). This is due to the
high quality of the tin sites, i.e., virtually all tin atoms present in
such materials isomorphously substitute silicon atoms in the
lattice. Still, since the crystallisation of these materials requires
fluoride ions and a long time and produces large crystals, in
which bulk tin atoms are typically underutilised due to diffu-
sional constraints, a multiplicity of methods were devised to
incorporate the catalytic centres in the lattice in a more facile
manner and limit the size of the zeolite particles. Seed-assisted
hydrothermal syntheses or dry-gel conversion protocols belong
to alternative bottom-up approaches, while direct metallation
and demetallation–metallation comprise relevant top-down
strategies. The latter methods reach inferior site quality,
i.e., a portion of tin does not enter the lattice but deposits on
the external surface and in the pores in the form of inactive
SnOx species. Still, the Lewis-acid metal is mainly introduced at
the surface of the zeolite crystals, which helps in counterbalan-
cing that drawback. Through soft or hard templating in hydro-
thermal syntheses and with alkaline-assisted post-synthetic
metallation it was also shown to be possible to concomitantly
tune the porosity of zeolites, thus granting improved access to
large bio-derived substrates.

The active site in Sn-beta catalysts was shown to comprise
lattice tin atoms in an open form, implying that one of the four
Sn–O bonds is hydrolysed, forming a stannanol, coordinating
two water molecules. In spite of their hydrophobic surface,
tin zeolites with BEA and MFI frameworks displayed rapid
deactivation upon isomerisation of DHA and xylose in water.49

Thorough investigations in the less frequently applied but more
industrially relevant continuous mode related this phenomenon
to an interplay of distinct mechanisms, with zeolite amorphisa-
tion and tin site restructuring dominating over tin leaching and
catalyst fouling, and being more pronounced for BEA solids and
for materials obtained though post-synthetic procedures.
A better scenario was evidenced when using methanol as a
solvent. Due to its inferior basic character, irreversible structural
alterations of zeolite and tin sites were minimised and the
activity was depleted to a lower extent and mostly due to the
deposition of carbonaceous products. Calcination was effective
in restoring the initial activity almost completely. It is worth
noting that life-cycle analysis proved methanol to be a preferable
medium for the manufacture of lactic acid from glycerol
compared to water from both an economic and environmental
viewpoint.

Silicalite has been alternatively used to encapsulate
sintering-resistant clusters of CoO for the conversion of fruc-
tose into methyl lactate.50 Ultrasmall CoO NPs (B 1.7 nm) were
attained through a bottom-up steam-assisted method with Co
loadings smaller than 2 wt% and led to nearly 100-fold higher
Co-mass-based activity (mgmethyl lactate mgCo

�1) compared with
CoO or Co3O4 particles located outside the silicalite framework.
However, the catalyst remains moderately inferior to the best
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Sn-containing beta zeolite applied to the more complex
glucose-to-DHA conversion, i.e., an additional initial isomerisa-
tion step is required when starting from the aldose (Fig. 6a).
Since the CoO phase formed strong covalent bonds with the
zeolite framework, this catalyst exhibited good reusability after
removal of coke through facile calcination. This contrasts with
the fate of other metal oxide catalysts, which irreversibly
deactivated in the regeneration step due to particle coalescence.

Several MOFs containing distinct metal centres and linkers
were studied as catalysts for the valorisation of biobased
compounds, typically attaining inferior performances to classic
inorganic catalysts, except for a few materials that deserve
a mention. Hf-based MOFs introduced by Rojas-Buzo et al.
showed high selectivity and efficiency in the cross-aldol con-
densation of furanic carbonyls with acetone at 100 1C, attaining

an almost full yield of the desired products.51 The metal centres
in such materials are hexacoordinated, i.e., coordinatively
unsaturated, and highly accessible due to the size of the pores
(4.8 and 18.4 Å). NMR studies with isotopically-labelled acetone
corroborated that acid–base pairs in the MOF comprising the
metal centre and the oxygen bound to it, respectively, mediate
the soft enolisation of acetone via abstraction of the a-proton.
The catalyst Hf-MOF-808 could be reused 5 times with only a
minor depletion in catalytic activity, which could be fully
recovered by Soxhlet extraction. Moreover, although the presence
of added water (10 wt% with a molar water/furfural ratio of 60) led
to a 25% activity loss compared to the dry reaction, the condensa-
tion product was attained with a yield of 76% upon a 4-fold longer
reaction. This diverges from findings for traditional base catalysts,
which strongly deactivate under similar conditions.

Other MOFs displaying remarkable performance are MIL-
101Cr-SO3H-15% and NUS-6(Hf), which are among the best
heterogeneous catalysts reported for the conversion of fructose
into 5-HMF in dimethylsulphamide (DMSO).52 While sulphonic
acid groups anchored onto the first material rather than the
chromium cations are the actual active sites in the first, hafnium
sites are responsible for 5-HMF formation over the second. This
solid was prepared through a hydrothermal route with 2-sulfo-
terephthalate linkers. The structure features some partially
missing linkers, giving rise to additional mesopores with a size
of ca. 4 nm (indicated by yellow spheres in Fig. 6b). This catalyst
yielded 98% 5-HMF after 1 h at 100 1C, being thus superior to top
traditional heterogeneous catalysts such as an Amberlyst resin
and a zeolite beta in protonic form, which required 2 h and
120 1C to reach comparable and still moderately inferior yields,
respectively (Fig. 6b). While DMSO is an appealing solvent
because it hinders the generation of humins and hence catalyst
deactivation by fouling, product separation from this medium is
challenging due to the formation of toxic sulphur compounds at
the high temperatures needed for its distillation. Therefore,
despite the relevant results, it is difficult to foresee a technical
process for this reaction based on this MOF-based catalytic
system.

Acids

For the esterification of LA to ethyl levulinate, UiO-66Zr MOF
catalysts, displaying octahedral cavities, tetrahedral cavities
and narrow triangular windows with diameters of 11, 8 and
6 Å, respectively, are superior to effective heterogeneous cata-
lysts such as Amberlyst-15, a zeolite HZSM-5, a mesoporous
silica HMCM-22 and sulphated TiO2 and ZrO2.52 For instance,
at an ethanol/LA ratio of 5, UiO-66Zr attained a conversion of
49% after 4 h at 78 1C, while Amberlyst-15 and sulphated TiO2

reached conversion levels of 55 and 40%, respectively, after 5 h
at 70 1C. In contrast to these results, the MOF is inferior to a
material containing dodecatungstophosphoric acid deposited
onto a desilicated zeolite and sulphated TiO2 nanorods. Indeed,
it reached full conversion of the acid and a yield of 95% of the
ester at the same temperature in 8 h of reaction only at higher
ethanol/levulinic acid ratios, while the above-mentioned
systems attained conversions of 82–83% under comparable or

Fig. 6 Nuclearity and coordination effects in acid-catalysed reactions.
(a) Framework Sn4+ cations (purple) in silicalite (reproduced with permission
from ref. 49. Copyright 2016 Royal Society of Chemistry) and Al-free BEA
zeolites and small extraframework NPs of CoOx (red) supported on silicalite
(reproduced with permission from ref. 50. Copyright 2019 American
Chemical Society) effectively catalyse the conversion of monosaccharides
and DHA to methyl lactate. The square brackets in the catalyst name
underline that the guest atom is embedded in the lattice. (b) Hf4+ cations
in the NUS-6 MOF reach superior performance compared to the best
conventional heterogeneous catalysts in the dehydration of fructose to
5-HMF in DMSO. The yields reported were determined after 1 and 2 h at
100 and 120 1C for the MOF and the other two catalysts, respectively.
Reproduced with permission from ref. 52. Copyright 2017 Royal Society of
Chemistry.
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higher temperatures with a lower alcohol excess. Clearly, the
catalyst activity and stability are here the main issues, while
the reaction does not pose significant selectivity challenges.
Interestingly, the importance of open metal sites for the MOF
activity was highlighted through a study of the effect of the
linker deficiency on the performance. Specifically, materials
exhibiting higher linker deficiencies, determined on the basis

of the mass loss of organic ligands in thermogravimetric
analyses, correlated with up to 1-order-of-magnitude higher
activity and the corresponding rate constants were higher. In all
cases, the coordination number of the metal centre was lower
than 12, i.e., the theoretical maximum expected for the UiO-66
structure. Hence, particle size control, i.e., metal site isolation,
does not guarantee per se the highest performance of the MOF.

Table 1 Overview of the impact of the metal clustering degree in the reactions analysed in this review. The arrows point to the structure that enables
superior performance, with thinner and wider arrows indicating that the trend is documented in a single or at least two articles, respectively

Metal Size Decarbonylation
CQO
hydrogenation

Ring CQC
hydrogenation

Ring opening
(C–O
hydrogenolysis) Deoxygenation

Ester/acid
reduction Oxidation Reforming

Acid-catalysed
reactions

Pt

Pd

Ni

Ru

Co

Au

Cu

Ti, Sn

Fe
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