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TAGGEDPA B S T R A C T

The production of fuels and chemicals from renewable lignocellulosic biomass resources has been a major
research focus in the last few decades. The most efficient method for synthesizing value-added chemical
products from sustainable feedstocks is direct catalytic conversion, however, the multifunctional and highly
oxygenated biomass-derived substrates are significantly different from petroleum-based feedstocks. Thus,
systematic development of new catalytic materials is required to take advantage of the only substantial
source of renewable carbon. In this review, we discuss the foundational methodologies that enable rational
catalyst design through the investigation of surface-adsorbate interactions and the elucidation of descrip-
tors for selectivity control. Molecular spectroscopies, efficient and predictive computational modeling, rig-
orous kinetic investigations, and highly controlled materials synthesis have generated fundamental insights
leading to general catalyst design principles in biomass upgrading processes. The application of each tech-
nique in biomass research is discussed in the context of several case studies, with a focus on the unique
insights available from each technique. Moreover, the interplay among multiple techniques, particularly
between experimental and computational methods, is also highlighted. Despite the impressive progress
made in the biomass field, major roadblocks still exist due to the complexity in the composition and struc-
ture of both substrates and catalysts. We share our perspectives regarding future needs in selective catalytic
conversions of multifunctional substrates and methods for accelerating catalyst development.
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1. Introduction

TaggedPMotivated by concerns about anthropogenic climate change,
major advances have been made in the last decade-plus toward the
synthesis of fuels and commodity chemicals from non-edible ligno-
cellulosic biomass, which is the only substantial source of renewable
carbon [1�14]. Abundant and transportable petroleum-derived
hydrocarbons have been used to synthesize fuels and chemicals for
the last century, and heterogeneous catalytic research has histori-
cally been performed in the context of upgrading these fossil carbon
resources [15�19]. Industrial processes and catalytic materials that
efficiently mediate the selective oxidation of hydrocarbons have
been established and improved over decades to synthesize partially
oxidized platform chemicals and monomers [20�22]. Replacing pol-
luting fossil carbons with renewable biomass-based raw materials
entails the development of new production methods that account
for the substantial differences in the chemical composition between
the two types of feedstocks (particularly the oxygen content, which
is 0.05�1.5 wt% in fossil hydrocarbons vs. 30�50 wt% in biomass
feedstocks), and the resulting contrasts in physicochemical proper-
ties such as thermal stability and polarity [16,23�25]. Selective
reduction and deoxygenation, rather than oxidation, are required for
the synthesis of drop-in platform chemical substitutes from biomass
feedstocks [3,9,10,26,27]. Efficient heterogeneous catalysis is neces-
sary to upgrade biomass on the industrial scale, but new fundamen-
tal understanding is first required to develop the novel catalytic
materials and systems that will facilitate renewable chemicals pro-
duction [7,14,26,28�33]. In this review, we discuss the application
of key research strategies used to gain molecular-level insights into
the catalytic chemistry of biomass valorization, and how those
insights are applied to the design of active, selective, and durable
catalysts (Fig. 1.1).

TaggedPWhile multiple strategies have been proposed for upgrading bio-
mass resources to fuels and specialty chemicals, direct catalytic
transformation is the most promising approach because it has the
potential to meet the stringent technical, economic, and sustainabil-
ity targets [9,13,14,28,34�37]. Lignocellulosic biomass has three
main constituent parts: hemicellulose (25�35 wt%) and cellulose
(40�50 wt%) are composed of polymerized sugars, and lignin
(15�20 wt%) is an amorphous polymer consisting of methoxylated
phenylpropane units [1,2,23,38,39]. Early valorization proposals
focused on complete gasification or pyrolysis of raw biomass to pro-
duce syngas for established petrochemical processes such as the
Fischer�Tropsch and the alcohol synthesis processes [40�46]. This

TaggedPapproach deconstructs the starting material through complete C�H
and C�C bond cleavage followed by inefficient molecular-level reas-
sembling of the most basic building blocks (synthesis gas) in capital-
intensive chemical plants. Due to high transportation costs, widely
distributed biomass resources are not well-suited to the centralized
processing required for upgrading through gasification and pyroly-
sis. These processes also destroy the potentially valuable structural
units of lignocellulose [3,36,37,47�49]. By contrast, direct catalytic
transformations utilize these molecular building blocks to synthe-
size value-added chemicals and monomers, and can be performed in
a modular and distributed manner [1,9,24,50]. Upstream processing
steps such as fractionation and depolymerization are applied to
generate a variety of oxygenated platform molecules, e.g., short-
chain polyols/carboxylic acids, substituted furanics, and phenolics
[6,51�55]. These multifunctional molecules can be converted to
polymer precursors such as alkylated furans, aromatics, and
a,v-diols through selective hydrodeoxygenation (HDO) and/or
dehydration, accompanied by hydrogenation, hydrogenolysis, cyclo-
addition, or isomerization steps as needed to attain the final product
[3,12,27,32,56�58]. This review focuses on these downstream trans-
formations, particularly the challenges of upgrading multifunctional
molecules, as well as developing multifunctional catalytic materials
that enable these processes.

TaggedPThe most significant challenge in direct conversions of multifunc-
tional biomass-derived platform molecules is selectivity control.
Selectivities for critical reactions have substantially improved in
recent years as a direct result of improved mechanistic understand-
ing. Targeting specific functional groups in multifunctional mole-
cules for reduction or deoxygenation typically requires catalysts
with tailored combinations of active sites [27,31,50,59�63]. The
complexity of these materials poses challenges in establishing clear
structure-activity relations and gaining insight into reaction mecha-
nisms, both of which are prerequisites for catalyst design. Rather
than a comprehensive review of the biomass upgrading field, this
article aims to provide the authors’ perspective on the central meth-
odologies utilized in mechanistic investigations of biomass-to-
chemicals reactions, and how the insights gained aid in the rational
development of active, selective, and durable catalysts for upgrading
biomass-derived feedstocks. We focus on the application of: (1)
spectroscopic techniques; (2) multi-scale computational methods;
(3) rigorous kinetic investigations; and (4) controlled materials syn-
thesis methods (Fig. 1.1). Readers interested in more general surveys
of biomass conversion are referred to recent review articles
[10,12,13,27,31,32,49,55,56,64�69].
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