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Abstract

The ever-growing development of biomass-based chemicals calls for a better understanding of the specificities of the
corresponding catalytic processes. In this quest, ab initio modeling is a corner-stone that has proven its ability to
rationalize the observed trends and then to propose novel catalysts design. Focusing on supported metal catalysts,
we show that computational studies started a decade ago with alcohols and small polyols transformation, focusing on
activity but also selectivity. Little by little, their scope has been extended to a variety of cellulosic-based chemicals such
as levulinic acid or furanic molecules. During the last two years, it has also started to embrace lignin-derived chemicals,
such as anisole, guaiacol, etc. Parallel to this scope expansion, the available methodologies have also progressed, triggered
by the intrinsic difficulties of modeling biomass valorisation. In particular, improving the inclusion of the water solvent

has drawn several groups to propose novel approaches.
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stock to a biomass-based feedstock, the chemical indus-
try needs to revise rapidly and extensively its production
scheme. In addition, those new processes have to be sus-
tainable, making catalysis a corner-stone of this revolu-
tion. To speed up the development of novel heterogeneous
catalysts, ab initio modeling is a necessity, that provides
in-depth mechanistic studies but also in silico screening
of catalysts.[1] In here, we aim at highlighting the recent
contributions of ab initio modeling in the field of catalytic
biomass valorization, with a restriction to metal supported
catalysts as an illustrative domain.[2] With a special em-
phasize on the last three years, this review is divided into
four parts. In a first short part, we describe the typical
set-up employed to model a metal supported catalyst us-
ing periodic Density Functional Theory (DFT). Then, the
contribution of computational chemistry to the valorisa-
tion of biomass is divided into two parts, following the
type of biomass as shown in Figure 1. Biomass feedstock
is made mainly of cellulose and hemicellulose that yield to
molecules such as polyols and furanics. It has focused most
of the experimental research effort in the last decade and
we review in a dedicated part the main development made
by computational chemistry in the domain. A smaller but
not least interesting part is lignin. This heterogeneous aro-
matic polymer is a natural promising source of aromatics
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Figure 1: The biomass feedstock is mainly made of cellulose and
hemicellulose but also of lignin at a smaller extent. The derived
chemicals cited in this review are shown in red and in blue respec-
tively.

but is highly challenging to convert into valuable chemi-
cals. It attracts more and more interest as shown by the in-
creasing number of studies dedicated to the catalytic pro-
cesses to valorize lignin-based aromatic oxygenates. The
corresponding contribution of DFT modeling is reviewed
in a third part. Last, we discuss the main inputs provided
by computational chemistry to the field of biomass val-
orization and draw some perspectives of progress in the
domain.
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Figure 2: Example of a typical metallic slab model with a water
and an isopropoxy intermediate adsorbed on the top layer. The cell
is shown by a black rectangular and in repeated along the three
directions of space during simulation.

1. Fundamentals of ab initio modeling applied to
metal supported catalysts

Combining Density Functional Theory (DFT) and pe-
riodic slab model of the most exposed facet (shown in Fig-
ure 2) is the work horse of computational studies of sup-
ported metal catalysts.[3] It provides an atomic "vision"
of the reactions involved and even more importantly the
energetics of the reaction paths including any secondary
reactions. The knowledge of these paths allows predicting
how the activity or the selectivity is affected by a change
of metal for example.

Focused on the metallic active site, most of the stud-
ies neglect support effects, solvent effects and coverage ef-
fects on the overall catalytic process. Despite those limita-
tions, they have proven their efficiency over the last decade
in providing valuable knowledge to biomass valorization,
and they are more and more advantageously coupled with
micro-kinetic models. For a general review of theoretical
simulations of heterogeneous catalysts, the reader can refer
to one of the recent reviews.[3, 4]

2. Polyols and other cellulosic-derived chemicals

The first valuable inputs of computational chemistry
were related to the conversion of cellulosic-derived chemi-
cals such as polyols and furans. Those early studies were
reviewed by two major groups.|[5, 6]

To provide valuable knowledge, computational studies
have to tackle huge reaction networks that involve poten-
tially thousands of elementary steps. For instance, aque-
ous phase reforming of biomass consists in converting poly-
ols into COs and Hs. It requires to break C-C, C-H and
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Figure 3: Workflow used to tackle extensive reactions network cou-
pling ab initio modeling and micro-kinetics.

O-H bonds of the starting material avoiding the C-O scis-
sion and includes also the water gas shift (WGS) reac-
tion network. Providing a complete vision of the full re-
action mechanism is highly challenging, even focusing on
small polyols such as ethylene glycol and glycerol. The
strategy that is usually implemented is illustrated in Fig-
ure 3. It consists in (i) extracting a representative sub-
set of elementary steps (ii) computing at the DFT level
the corresponding reaction energies and activation energies
(iii) establishing linear free energy relations such as scal-
ing relations[10] and group additivity (GA) relations|7] for
the thermochemistry and Brgnsted-Evans-Polaniy (BEP)
relationships|8] for the kinetics (iv) implement a micro-
kinetic model.

An optimal aqueous phase reforming (APR) catalyst
has to show a good activity while being selective towards
the C-C splitting. Several computational studies have fo-
cused on Pt(111), since, experimentally, Pt is the best
known monometallic catalyst.[9] In line with what has
been found on ethanol,[10, 11] the C-C splitting in ethy-
lene glycol (EG) and glycerol (GLY) is facilitated if CO is
a product of the C-C scission.[12][13][14] In other words,
a sufficient degree of dehydrogenation has to be reached
to allow the C-C scission. The C-O bond scission is much
less sensitive and always requires to overcome a high bar-
rier (above 150kJ/mol). However, the behavior of polyols
cannot be systematically derived directly from that of the
simple alcohols or alkanes. Indeed, the rate limiting step
on Pt(111) is clearly the C-C scission when considering
ethanol,[11] while it is the first dehydrogenation step in
polyols.[12][14] In addition, the OH scission is clearly af-
fected by the presence of an intramolecular hydrogen bond
on Rh(111)[15] and also on other late transition metals.[§]
The identification of energetically feasible mechanisms can
be automated as shown on glycerol.[16]

Computational chemistry can also deliver strong in-
sight on the impact of the catalytic site. For instance, the
role of less abundant sites can be assessed using other sur-
faces such as the (211) that is classically used to model
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Figure 4: Computational chemistry can provided insights into several aspects: (i) extended reaction networks as shown on the APR of EG
and GLY|[12][13][14][16] (ii) nature of the catalytic sites with structure sensitivity[18] and bimetallics[20] (iii) effect of the water solvent on
ketone hydrogenation catalyzed by Ru|21] (iv) effect of the external pressure of hydrogen on the selectivity.[26]

corner and edges. On Pt, Greeley and co-workers have
found that those sites are more active towards ethylene
glycol reforming but also more prone to be poisoned by
CO, an issue that may be mitigated by the WGS reac-
tion in the aqueous phase as illustrated in Figure 4.[17]
The influence of the active site on selectivity can also be
addressed as nicely illustrated on the furanic transforma-
tion. On Pt, a combination of DFT computations and a
microkinetic model have demonstrated for furfural (FAL)
that the decarbonylation (yielding furan) prevails on small
nanoparticles while the hydrogenation (yielding furfuryl
alcohol, FOL) is favored on the large nanoparticles.[18]
The C-C scission is strongly sensitive to the site structure
and is favored on a Ptss nanoparticle compared with a
Pt(111) slab. Conversely, the oxidation of hydroxymethyl-
furfuran (HMF) into 2,5-furandicarboxylic acid (FDCA) is
facilitated on nano-octahedron exposing mainly Pd(111)
facets compared with nano-cubes that exhibit the more
open (100) facet. This structure sensitivity has been ra-
tionalized by periodic DFT computations of the reaction
mechanism: the key step is the alcohol dehydrogenation
and it is eased on the (111) facet.[19]

Another strategy to tune catalytic sites is to use bi-
metallics. However rationalizing the underlying phenom-
ena is particularly challenging. Computational chemistry
is clearly a valuable tool in this context, as shown on glyc-
erol reforming on Pt-Mo bimetallic.[20] The surface species
Mo can easily form small molybdate clusters under the
working conditions. This oxidized alloy ideally combines
metallic Pt, which efficiently promotes the dehydrogena-
tions steps and the C-C scission, and molybdenum oxide,

which protects the catalyst from poisoning reducing the
CO adsorption and favoring the WGS reaction (Figure 4).

Recently, most efforts have been made to better un-
derstand the influence of the water solvent. For instance,
Ru supported catalysts are very efficient in converting
levulinic acid into ~-lactone in water but not in tetra-
hydrofuran (THF) where no conversion is observed. This
promoting effect of the water solvent is not observed in
the case of Pt or Pd. The contrasted impact of the wa-
ter molecules on the hydrogenation of the ketone function
has been rationalized using periodic DFT computations
together with a micro-solvation strategy,[21] which con-
sists in adding one water molecules in the simulation box
in this study (see Figure 2 and 4). The resulting hydrogen
bond with the ketone completely modifies the hydrogena-
tion pathways. It has no noticeable impact on the late
metals such as Pt and Pd but it strongly modifies the
stability of the alkoxy intermediate on the most oxophilic
metal such as Ru or Co. On those oxophilic metals, the
alkoxy intermediate is too stable in THF (or gas phase
conditions), hampering the reaction. In water however
it is destabilized by the co-adsorption with water, which
prevents the catalyst from its poisoning. Moreover, the
hydrogenation at the oxygen is facilitated by the presence
of the co-adsorbed water. This study unravels why Ru
is largely used in biomass valorization while it is barely
used in gas phase.[22] To highlight this effect, the explicit
inclusion of a chemisorbed water molecule was a neces-
sity, as confirmed on a more recent study on methanol
decomposition.[23]

Solvent effects can also lie in less specific interactions.



Water has a strong dielectric constant that screens charges.
This electrostatic effect can be efficiently taken into ac-
count by continuum models that are more and more de-
veloped and used in the field of computational catalysis.
For instance, the systematic screening of a database of
C,O,H, fragments adsorbed on Pt(111) has shown re-
cently that the inclusion of water as a continuum model
mostly affect the orientation of the C-O and O-H bonds.|7]
For example, in absence of a continuum water the O-H
bond in the CHOH fragment points down, toward the
metallic surface, while it points up, once this continuum
water solvent is included. This re-orientation is triggered
by a better solvation of the OH group by up 10 to 20
kJ/mol. While the adsorption energies are barely affected
by the inclusion of water, the C-H bond scissions tend to
be thermodynamically favored by the presence of water
compared with the vacuum and the O-H bond scission are
mostly inhibited, due to the loss of the strong solvation
of the OH group. Parallel to this work, the systematic
study on the reaction mechanism of ethylene glycol (EG)
reforming on Pt(111) has shown that the activation barrier
of the C-H scission is lowered by the inclusion of water as
a continuum while that of the OH is not.[14]

More subtle effects such as that of pH can be also as-
sessed. Recently, a computational study employing such a
model has been able to rationalize the promoting effect of
adding sodium formate to a formic acid solution to its de-
composition into Hy and CO3.[24] This is a key reaction in
several domains. In biomass, it can be used as a hydrogen
transfer agent, limiting the utilization of Hy. According
to DFT computations that include the water solvent as a
continuum model, the presence of chemisorbed sodium for-
mate promotes the reaction and modifies the charge of the
Pd surface. This promoting effect is nicely reproduced by a
charged metallic slab together with a linear Poisson Boltz-
mann electrolyte model for the solvent and the counter
charge. Thus, the role of the base could be also played by
an appropriate support that could transfer charges to the
Pd nanoparticles, a conclusion that opens the door to the
rational design of new Pd-based catalysts

Another important aspect is the role of the nature
of the reacting gas such as Hs. A first example is the
switch in selectivity observed in glycerol conversion from
1,2-propanediol to lactic acid when changing the nature of
the gas from Hy to an inert gas.[25] This effect was first
rationalized by mechanistic investigations with the com-
bination of DFT modeling and catalytic tests. Another
example is the upgrade of furfural (FAL) under mild hy-
drogenation conditions using a pressure of Hy. At the typ-
ical temperature of 180 ° C and a pressure of Hy of 0.01 -
1 atm, the surface should be strongly covered by hydro-
gen (0.7 - 0.9ML). The presence of those co-adsorbates
can modify the adsorption conformation of FAL and af-
fect its overall conversion. This issue has been tackled by
Wang et al.[26] FAL can adsorb in a flat conformation
or in tilted conformations where the aldehyde function
or the cycle points away from the surface. In the limit

of low coverage, the flat conformation is the most sta-
ble since it maximizes the surface/molecule interactions.
Once the hydrogen coverage is increased to 0.5ML, it is
destabilized to a greater extent than the tilted conforma-
tions (see Figure 4). This geometrical switch facilitates
the hydrogenation of the carbonyl group compared with
the decarbonylation. In this work, microkinetic models
using the DFT-parametrized data have been set up. The
low-coverage limit model predicts only decarbonylation to
furan, whatever the conditions. The high coverage limit
predicts a transition from decarbonylation to hydrogena-
tion. This study demonstrates that the coverage in co-
adsorbed species may have to be taken into account to
correctly predict the selectivity of a reaction.

3. Aromatic Oxygenates and Lignin Valorisation

With the recent development of new functionals de-
signed to better account for vdW interactions (that repre-
sent about 50% of the total adsorption energy of aromatic
compounds on metal surfaces),[27, 28] the ab initio inspec-
tion of catalytic biomass conversion has opened to lignin
derivatives for a couple of years now. The archetypical re-
action studied in the field is the deoxygenation of guaiacol,
an aromatic compound that exhibits two oxygenated moi-
eties: an ether and a phenol group. In order to investigate
the reactivity of each group independently, simpler models
as anisole, phenol and cresols have also been considered in
the literature (see Figure 1).

It is probably on the platinum catalyst that litera-
ture is most prolific in terms of detailed comparison be-
tween DFT and experimental data on the one hand, and
the span of modeled conditions on the other hand (ultra
high vacuum (UHV) to catalytic conditions). These stud-
ies have demonstrated that direct deoxygenations (namely
direct OH and OMe removals) of aromatic oxygenates are
impossible.[29-32] They indeed involve barriers of about
250 kJ/mol, higher than that of the reactant desorption
itself (about 200 kJ/mol). The deoxygenation of the aro-
matic ring remains nevertheless energetically possible at
the ether moiety. As shown in Figure 5, the dehydrogena-
tion of the OMe group indeed yields ArOCHy (Ar stands
for aromatic ring) that decomposes into ArO+CH,+(1-
x)H (with x=0,1). The recombination of ArO and CH,
then yields ArOCH, that can further get deformylated
(x=1) or decarbonylated (x=0), illustrating the reducing
character of carbonaceous species towards aromatic oxy-
genates [30, 31, 33] Conversely, the phenolic C-O bond is
relatively recalcitrant under UHV conditions. The weakly
activated dehydrogenation of ArOH to ArO even makes
the situation worse since adsorbed phenoxy species (resp.
catechoxy) show a cyclohexadienone (resp. benzoquinone)
structure with a double, and thus strengthened, C=0 bond
(see resonance structures for phenoxy in Figure 5).[31, 34,
58] In the case of guaiacol, similar reactions happen under
UHV conditions to yield 1,2-benzoquinone with now two
C=0 bonds. In this regard, the study by Hensley et al.
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Figure 5: Orthogonal routes for aromatic ether and phenolic deoxy-
genation. The path in grey has not been evidenced computationally
and is deduced from that of phenol.

combining DFT and state-of-the-art XPS measurements
is particularly instructive. Unlike phenol or anisole, the
vicinity of the two oxygenated groups significantly acti-
vates the aromatic C-C bond on benzoquinone (activation
barrier of only 40 kJ/mol [58] vs 110-160 kJ/mol for phe-
noxy [31]) leading to the full decomposition of the aromatic
moiety on Pt(111). Under an atmosphere of hydrogen,
the chemistry is however very different. The deoxygena-
tion of anisole undoubtedly appears as being limited since
the necessary preliminary dehydrogenation of the OMe
group is then strongly limited by a pressure of hydrogen
close to 1 bar. Under those conditions, the hydrogenoly-
sis of the O-Me bond rather happens yielding phenol. In
phenol, the OH removal becomes possible under a pres-
sure of hydrogen. But first, the aromatic ring needs to
be sufficiently hydrogenated to switch from a phenol to
an alcohol reactivity.[32, 35] This can have serious conse-
quences on the selectivity for aromatic compounds, even
if it seems that a proper tuning of pressure, temperature
and time of contact can limit the formation of saturated
hydrocarbons.[32] To sum up, and according to the present
comprehension based on computional modelling, the de-
oxygenation of lignin-like compounds on platinum follows
orthogonal routes for ethers (dehydrogenation) and phe-
nols (hydrogenolysis after partial hydrogenation of the cy-
cle). It competes with the hydrogenation of the aromatic
moiety, strongly favored by the platinum surface known as
a good hydrogenation catalyst.

In the attempt to favor phenolic C-O bond cleavages,
more oxophilic metals have been screened.[35-40] Lu et al.
have for instance proved with a micro-kinetic analysis of
wide reaction networks that guaiacol only yields catechol
on Pt(111) whereas it leads to phenol on Ru(0001). [30, 38]
Even with a pressure of hydrogen, ruthenium is indeed able
to dehydrogenate OMe groups, a necessary step for ether
deoxygenation, as aforementioned. Moreover it offers the
possibility to directly break Ar-O bonds. This elemen-
tary step is admittedly rate determining but can be made
easier considering step surfaces, for which the production
of benzene is even predicted.[36, 37] Iron-based catalysts
also have the ability to activate phenolic bonds, proving
the close relationship between the metal oxophilicity and
its propensity to activate C-O bonds.[35, 40] In spite of the
resulting increased selectivity, conversions rarely compete
with those found on platinum. An alternative therefore

consists in diminishing the affinity of Pt for the aromatic
ring. This can be achieved by alloying Pt with Mo and has
proved to deoxygenate selectively benzaldehyde.[41] Other
alloys or bimetallic systems have been investigated includ-
ing Pd/Fe with Pd dedicated to the homolysis of Hy and
Fe to the deoxygenation of the aromatic compounds.[42]
In spite of all, maximizing both the selectivity and conver-
sion playing solely with the nature of the catalyst remains
a difficult task. Fortunately, more complex catalytic sys-
tems involving co-catalysts and supports offer numerous
other dimensions for the optimization of catalysts.

In particular, an avenue that is worth exploring is con-
sidering other reducing agents than adsorbed hydrogen
(Hy — 2H(qas)) to tackle the problem of chemoselectiv-
ity. The comparison between UHV experiments and DFT
mechanistic investigations has demonstrated that carbona-
ceous species are reasonable reducing agents to deoxy-
genate aromatics without hydrogenating the aromatic cy-
cle. [31, 33] In the context of the oxygenation of lignin-
derived aromatics, hydrogen would therefore appear as un-
necessary. However, a lack of hydrogen has also proved
to favor the dehydrogenation of the aromatic ring, lead-
ing to its total decomposition. It highlights the second
and important role of hydrogen as an inhibitor of coke
formation. The first role, namely the reducing one, can
seemingly be replaced by other compounds to reduce the
hydrogen content and avoid the hydrogenation of the aro-
matic ring. While carbonaceous species were playing that
role under UHV conditions, they cannot be used under cat-
alytic conditions since they would be readily hydrogenated
to hydrocarbons that can easily desorb. Zn-decorated plat-
inum surfaces offer a nice alternative.[43] They have proved
experimentally to be able to selectively deoxygenate aro-
matic oxygenates. Such systems would be worth model-
ing in the future to get atomic insights on how to im-
prove them. Eventually, supports can also provide a more
chemoselective reducing character to the catalyst. Compu-
tational studies on Ru/TiOz and Pt/TiO2 suggest that the
adsorption of the aromatic ring happens on the metallic
particle, while the direct deoxygenation is activated by de-
fects on TiO4, which guest the oxygenated substituent.[44,
45]. Among those studies, the excellent work by Nelson
et al. [44] combining experiments and theory deserves
much attention. They have been able to rationalize, at
the atomic level, the extraordinary activity and selectivity
of Ru/TiOs when small metallic nanoparticles are used
(a dozen of Ru atoms) in combination with water as a
co-catalyst. Although the adsorption of water blocks the
defect sites of TiOs with surface hydroxyles, it opens the
road to a novel mechanism involving the heterolysis of hy-
drogen into a proton on TiOs and a hydride on the metal
(Hy — Herioz)+H(Ru))' This interfacial heterolysis there-
fore generates an acidic group on the support, involved in
the activation of the oxygenated substituents as leaving
groups, and a hydride that recombines with the deoxy-
genated aromatic ring. Small metal particles are believed



to be the most efficient, since they expose only limited sur-
face areas which are just large enough for the adsorption of
the aromatic ring (only 4 surface atoms are needed for the
adsorption of aromatic oxygenates on close packed surfaces
[46]) but not sufficiently broad for the (de)hydrogenation
of the ring to take place (albeit very likely on extended
metal surfaces). This study questions the reliability of
the model of extended pristine surfaces (both in compu-
tational chemistry and surface science) in the context of
catalytic transformations of aromatic molecules, although
they are genuinely attainable today in terms of computa-
tional power.[47]

4. Achievement and perspectives of computational
chemistry in biomass valorization

Within this review, the abilities of computational chem-
istry at providing a better understanding have been under-
lined, distinguishing platform molecules derived from the
(hemi)-cellulosic biomass and the ones derived from lignin.
While ethylene glycol (EG) and anisole are very different
in nature, the ability of a Pt catalyst to perform a deoxy-
genation obeys the same rationale. The formation of CO is
an essential ingredient. In EG, the C-C scission can occur
easily once a sufficient dehydrogenation level is reached so
that one of the dissociation product is CO.[12] Similarly,
the Ar-OMe bond breaks once the Ar-OC intermediate is
reached.[31] To favor the C-O bond splitting over the C-C
one to preserve the number of carbon, the same strategy of
catalyst modification can be used, adding Mo atoms to the
Pt catalyst is a good strategy as illustrated on glycerol[20]
as well as on aromatic oxygenates.[48]

Several lines of improvements are currently on going in
computational chemistry applied to biomass valorization.
A first objective in the field is to tackle large reactions
networks. While the general workflow is well established
(see Figure 3), some developments are still required to be
able to go beyond glycerol and reach C4 to C6 sugars such
as sorbitol or more complex lignin models. In addition,
reactions that happen in the bulk liquid phase need to
be included, together with their dependancies to pH. The
current development in kinetic modeling will help to reach
soon such targets.[49] Another intense line of research is
the improvement of the description of the environment
surrounding the different adsorbates. It includes the ef-
fects of coverage, co-adsorption[50] or even water than can
generate surface Brgnsted acid sites or play a key role as
a solvent. Continuum model approaches have been de-
veloped and implemented in several groups concomitantly
recently.[51-53] In conjunction with DFT functionals cor-
rected for dispersion such as PBE+dDsC,|[28] they will be-
come the new standard to computed energies. Since those
continuum models do not include the contribution of spe-
cific interaction with hydrogen bonds,[54] a complemen-
tary approach to solvent effects is the explicit inclusion of
few water molecules. However, this strategy as shown its
limits in homogeneous phase where novel approaches are

proposed.[55] Similar developments have to be done to de-
scribe reactions at the metal/water interface. Approaches
based on molecular dynamics are currently proposed, with
a necessary shift from ab initio molecular dynamics[56] to-
wards a force field approach,[57] calling for better metallic
surface/water force fields. Finally, a strong line of research
shared with other areas in heterogeneous catalysis is the
constant improvement of the geometrical and chemical de-
scription of the catalytic sites under working conditions.
We have highlighted the role of the structure of the cata-
lyst (the nature of the exposed facets), the impact of the
hydrogen coverage on the reactivity of furfural or the ad-
sorption of guaiacol,[50] the significance of additives,|[43]
the inclusion of the support,[44] etc. These improvements
are only possible when tackled in conjunction with in situ
and operando experimental characterizations, which are
particularly challenging due to the use of high pressure
and/or of the presence of liquid water as a solvent.
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