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Abstract

Furfural hydrogenation to furfuryl alcohol is an industrially significant reaction for biomass
valorization. The hydrogenation process has been mainly catalyzed by chromite-based materials
that are notorious for their toxicity, thereby highlighting the need to find alternate catalyst
materials. In addition, there is a gap in the mechanistic understanding of furfural hydrogenation
on transition metal surfaces. Herein, we combine density functional theory calculations and
microkinetic modeling to study the reaction mechanism of furfural hydrogenation to furfuryl
alcohol on terrace (111/0001) and stepped (211) transition metal surfaces. We find the rate-
determining steps for furfural hydrogenation to depend on the identity of the metal, where the
strong binding metals are limited by desorption of the product (furfuryl alcohol) while the
moderate and weak binding metals are limited by steps involving surface hydrogenation or H;
activation. We show that the binding energy of furfural is a good descriptor to rationalize and
predict the activity trends for the production of furfuryl alcohol. Among the metal and bulk/single
atom alloy surfaces investigated in this work, we find Cu-based alloys to be the most active

catalysts, with CuNi alloys predicted to be promising candidates for furfural hydrogenation.



Introduction

Given the depletion of fossil resources and their impact on the climate, alternatives to produce
chemicals and fuels are urgently needed. The catalytic conversion of biomass serves as a
promising choice in this regard2. For example, we can decompose lignocellulose, one of the
most abundant biomass resources® (> 170 billion metric tons per year), via hydrolysis* into
platform chemicals, such as liquid alkanes, 5-hydroxymethylfurfural (HMF), and furfural (denoted
as FCHO in this work where F represents the furan ring). Furfural is a crucial bio-based molecule,
with a wide range of applications in synthesizing downstream products such as pharmaceuticals
and polymers>®. Concurrently, the majority (> 60%) of furfural is used to produce furfuryl alcohol
(FCH20H) via catalytic valorization’, which is not only a key monomer for synthesizing furan resins,
lysine, vitamin C and other chemicals, but also a crucial intermediate for the production of other
deeply hydrogenated products such as 2-methylfuran, tetrahydrofurfural, and 2-
methyltetrohydrofuran®®. Furfuryl alcohol is one of the simplest products from furfural
hydrogenation, with a relatively well-established reaction pathway'®!!, and can be regarded as a

model reaction to understand the valorization of furfural and other biomass-derived chemicals.

Copper chromite catalysts (CuCrOx) are currently used in industry to catalyze furfural
hydrogenation to furfuryl alcohol with high yields (>95%) due to their ability to selectively
hydrogenate C=0 bonds without affecting the C=C bonds'>'3. However, CuCrOx catalysts suffer
from serious deactivation and can release toxic chromite over time to contaminate the product*.
As a result, there is a growing interest to find more environment-friendly alternatives to replace
the Cr component in CuCrOx catalysts®®. A number of transition metals besides Cr have shown
activity towards furfuryl alcohol production from furfural, e.g., Au'®, Co'’, Ir'8, Ni1-21, pd2223, pt24,
Rh2> and Ru?®. Especially, Cu has been widely investigated and shown high selectivity towards
furfuryl alcohol?’732, In addition, Cu-based alloys e.g., CuPt3?, CuPd®? and CuNi3** have shown 1-3
orders of magnitude higher turnover frequency (TOF) towards the production of furfuryl alcohol

relative to monometallic Cu.



Over the past decade, there have been some mechanistic studies based on density functional
theory (DFT) for furfural hydrogenation on transition metal surfaces. The reaction pathway
towards furfuryl alcohol (cf. Scheme 1) has been proposed to occur via the hydrogenation of
FCHO* (* indicates the species is adsorbed on an active site) by a surface hydrogen (H*) that is
produced via the dissociation of H, gas (H2 activation) to form either FCHOH* or FCH,O*. Further
hydrogenation of FCHOH*/FCH,0* results in the formation of FCH,OH*, which is desorbed to
produce the product, furfuryl alcohol (FCH,0H).3>36

Several possible rate-limiting steps have been identified in the reaction pathway shown in
Scheme 1 based on the metal identity. For instance, on Cu(111), the hydrogenation of FCHO* to
FCH,O* was identified as the rate-determining step for furfuryl alcohol formation3®, while the
formation of FCHOH* is suggested to be the rate-limiting step on Pd(111)3” and Ni(111)*® surfaces.
In contrast to Ref. 37 and 38, Liu et al. identified the desorption of adsorbed furfuryl alcohol to
have the highest activation barriers on both Pd and Pt surfaces3®. We note that the differences
in these studies are likely due to the use of different adsorbate configurations, the employed XC
functional with/without dispersion corrections. Therefore, the reaction mechanism for furfural
hydrogenation on transition metal surfaces including the pathways for H, activation and the
nature of the rate-limiting steps are currently under debate. The adsorption energy of furfural
(AEpcho) and metal identity dependent adsorption configurations of furfural have been used to
explain furfural hydrogenation activity on different metal surfaces®®%, indicating AE o to be
potential activity descriptor for furfural hydrogenation. As the simplest furfural conversion
reaction and the starting step to other value-added products, the lack of comprehensive
understanding of the reaction mechanism hinders the rational catalyst design for this process

and beyond.
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Scheme 1. Possible reaction pathways proposed for furfural hydrogenation to furfuryl alcohol on transition

metal surfaces. ads and des indicate adsorption and desorption steps respectively.

Herein, we present a comprehensive mechanistic study based on DFT calculations and
microkinetic simulations to identify rate-limiting steps and activity trends for furfural
hydrogenation towards furfuryl alcohol on transition metal and alloy surfaces. We find the
activity of the weak-binding metals (e.g., Au) to be limited by H; activation or hydrogenation of
furfural species, while strong-binding metals (e.g., Pt) are poisoned by the adsorption of furfural.
The activity volcano indicates that Cu is the most active catalyst among pure metal surfaces and
the stepped surfaces of weak/moderate-binding metal surfaces are more active than terraces,
while the opposite trend is observed on strong-binding metals. We show that bulk and single
atom alloys could further promote the activity for furfural hydrogenation beyond monometallic
surfaces. Notably, Cu-based Ni-diluted single atom alloys (Cu@Nii) and bulk Cu alloys (CusNi1)
are identified as promising candidates that can meet the requirements of high activity, less
expensive and low toxicity required for the development of next-generation catalysts for furfural

hydrogenation.

Computational details
Density functional theory calculations were performed using the Vienna Ab initio Software
Package (VASP)*! employing the generalized gradient approximation (GGA) using the Perdew-

Burke-Ernzerhof (PBE) exchange-correlation functional #2. Core electrons were described using



projector augmented wave (PAW) potentials**. The PBE calculations were supplemented with
Grimme’s D3* correction to account for dispersion interactions of the furan ring with the metal
surfaces. Note that PBE-D3 functional was suggested to overbind furanic molecules, but the
trends are not affected on different metal surfaces3. The Atomic Simulation Environment (ASE)*
was used to build 4 x4 x4 (111) or (0001) slabs and 3 x 4 x 4 (211) slabs that represent terrace
and stepped surfaces, respectively. The bottom two layers of surface were fixed at their bulk
interatomic distances. A dense Monkhorst—Pack* k-point mesh of 12 x 12 x 12 was used to
obtain the optimized lattice constants of the metal, while k-point meshes of 3 x3 x 1 and 4 x 3 x
1 were used to sample the reciprocal first Brillouin zone for the (111)/(0001) and (211) metal
slabs respectively. A 15 A vacuum spacing is added in the z direction for all the supercells. A plane-
wave cutoff of 400 eV was used in the geometry optimizations. The geometry optimizations were
considered converged when the maximum residual force on each atom was less than 0.02 eV/A.
The reaction barriers for furfural hydrogenation reaction on (111) surfaces were calculated by
using the climbing image nudged elastic band (CI-NEB)*” and optimized by dimer* methods, with
a force convergence criterion of 0.05 eV/A on each atom. The transition states were confirmed
by examining that only one large single imaginary frequency exists. The microkinetic simulations
were performed using the open source CatMAP code*® based on the mean-field approach and
the steady-state approximation including a self-consistent description of adsorbate—-adsorbate
interactions. In the microkinetic model, the binding energies of FCHO* and H* (AErcy0 and AER)
were used as descriptors and the calculated energetics on (111) surfaces were used as input for
the scaling relations and the activity volcano shown in Figure 3b and 4b, respectively. The results
for the stepped surfaces (211) and bulk/single atom alloys were then fitted to the activity volcano
plot shown in Figure 4b. Further details of the microkinetic simulations are provided in the

Supporting Information.

Results and discussion

The proposed reaction mechanism for furfural hydrogenation towards furfuryl alcohol is shown

in Scheme 1. Overall, the bare metal surface catalyzes both furfural hydrogenation reaction and



H, activation. The adsorbed H* is the hydrogen source for gas-phase furfural hydrogenation
reactions. For all the metals considered in this work, we have performed simulations on

(111)/(0001) and (211) surfaces that are representative of terrace and step sites respectively.
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Figure 1. Adsorption free energies of furfural (FCHO) with flat or upright configurations on a) 111 and b) 211
metal surfaces. Simulation conditions: 400K, Pecho = 0.1bar. The representative adsorption configurations of

FCHO on Cu surfaces are shown as insets.

As shown in Figure 1, flat adsorption configurations of furfural are more stable than upright ones
on all the studied metal surfaces (including terrace and step sites) under hydrogenation reaction
conditions, in agreement with previous theoretical studies!?3¢38%0 The interaction of the metal
surface with both the furan ring (F) and aldehyde group (CHO) is likely the reason for the

preference of flat configurations over the upright ones, with the latter only interacting with the



surface via the aldehyde group. Moreover, the stronger the adsorption of furfural (i.e., more
negative AGrcyo), the larger the difference in adsorption energies of two configurations. Our
calculations suggest that at low coverages, the flat adsorption configuration of FCHO* might
dominate on the metal surfaces investigated in this work, which is in line with direct scanning
tunneling microscopy studies that sub-monolayer of furfural adsorbs in a flat configuration on

Pt(111).

At higher coverages (ca. 0.5 ML), furfural is theoretically predicted to prefer tilted or upright
configurations on Pd(111) in order to minimize the effects of lateral interactions®2. We also find
that on Cu, Pd and Pt(111) surfaces, furfural prefers to take a flat adsorption configuration at low
coverages, and a tilted configuration at 0.25 ML and an upright configuration at
coverages >0.33ML (cf. Figure S1). However, previous temperature-programmed studies of
furfural desorption on Pd(111)>° and Pt(111)>® suggest that at reaction temperatures typically
applied for gas-phase furfural hydrogenation (400-500 K), the less stable adsorption
configurations, e.g., upright, tend to desorb due to lower binding strength relative to flat
configurations. Besides, the typical tilted configuration of furfural®? still binds the surface with
the -CHO group and only tilts the furan ring away, which is not involved in the reaction pathway
for furfuryl alcohol. As a result, we assume that furfural and all the other reaction intermediates
take the flat configuration on all the considered surfaces in the calculation of reaction energetics

discussed below.
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Figure 2. Free energy profiles for furfural hydrogenation on Au(111), Cu(111) and Pt(111) surfaces via FCHOH*
(solid lines) and FCH,O* (dotted lines) at 400k, Pecho = 0.1bar, Pu; = 1bar; b) The adsorption configuration of

stable intermediates, and c) the transition state structures on Cu(111).

The free energy diagrams for furfural hydrogenation to furfuryl alcohol at 400 K on three
representative surfaces: Au(111), Cu(111) and Pt(111) are shown in Figure 2a. The two possible
pathways towards furfuryl alcohol via FCHOH* and FCH,O* are shown in solid and dashed lines
respectively. Given the similarity in adsorption configurations of the reaction intermediates on
different metal surfaces, we only depict adsorption configurations of the stable reaction
intermediates and transition states on Cu(111) in Figure 2b,c. The configurations of all the
reaction intermediates and transition states for the other surfaces investigated in this work are

provided in database link shown below.



We highlight the following observations based on the free energy diagram for furfural

hydrogenation on Au, Cu and Pt (111) surfaces shown in Figure 2a:

1. H, activation is rate-determining step (RDS) for furfural hydrogenation on Au(111) as a
result of its high activation barrier (ca. 1.21 eV), while being facile on Pt(111) and Cu(111)
surfaces.

2. The hydrogenation of FCH,O* with an activation barrier of 0.98 eV is the RDS on Cu(111)
in line with a previous theoretical study®. In contrast, we find the hydrogenation of
furfural via the FCHOH* intermediate to be facile on Pt(111) and Au(111) surfaces.
Previously, Sitthisa et al. showed that the formations of FCHOH* and FCH,0* are both
endothermic on Cu(111) surface!l. However, we find that FCH,O* formation is
exothermic and thermodynamically more favored by ca. 0.54 eV than the formation of
FCHOH* on Cu(111) as shown in Figure 2a. The discrepancy between our observations
and those by Sitthisa et al. could be due to the differences in the configuration of FCH,0*
- we find the adsorption energy of the “flat” configuration (cf. Figure S1) reported in their
work to be less stable by ca. 0.42 eV than the “bending” configuration where the O of the
-CH,0 group in FCH,0* inserts in the hollow site on Cu(111) as shown in in Figure 2b.

3. Finally, we find that the desorption of the product (FCH,OH*) limits the hydrogenation
activity on Pt(111), due to its strong binding of furfural species. In fact, furan and other
ring-opening hydrocarbons were reported to be side-products on Pt>!, Ru** and Ni>®
catalysts at high temperatures. It is likely that the strong adsorption of furfural on these
metal surfaces hinders further hydrogenation by reducing relative H* coverage on the

surface and triggers C-C bond breaking and ring-opening reactions at high temperatures.
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Figure 3. a) The adsorption energies of FCHOH and FCH,0 on the different metal (111) surfaces investigated in
this work. The orange and green areas represent FCHOH-favored and FCH,O-favored regions respectively; b)
Scaling relationships of adsorption energies between FCHO and the other stable adsorbates involved in the

reaction pathway for furfural hydrogenation.

We further observe a metal identity dependent preference for the two key intermediates on (111)
surfaces, i.e., FCHOH* and FCH,0* as shown in Figure 3a. Generally, FCHOH* is more stable than
FCH,0* on Au, Pt, Pd and Rh surfaces, where both the aldehyde group and furan ring of FCHOH*
interact with the metal surface except for a weak-binding metal like Au where only the aldehyde
group interacts with the metal surface, as shown in Figure S3. In contrast, the oxyphilic surfaces
(surfaces with a higher tendency to form metal oxides) including Ag, Ni, Cu, Co, Pb and Ru, favor
the formation of FCH,0* over FCHOH*. Notably, the adsorption configuration of FCH,O* on these
oxyphilic surfaces with O atom buried at the hollow site as shown in Figure S4, might hinder
further hydrogenation of FCH,O* as is observed for the Cu(111) surface (vide supra). A similar
preference of adsorbates based on carbon-philic and oxygen-philic metals was reported in a

recent study to govern the reaction pathway and selectivity during glycerol dehydrogenation.>®
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Figure 4. Activity volcano for furfural hydrogenation towards furfuryl alcohol. a) The adapted TOF plot from
experiments for Cu®’, Ni°8, Pd>°, Pt®°, PdCu®°, Cuz16Pd;>°, and CuoPt;:?°. Note that the AEgcyo on the x-axis
corresponds to the (111) surface of the respective metal. b) The simulated TOF plot based on microkinetic
simulations at 400K, Pecho = 1bar and Py; = 1bar. M represents a metal surface and CuxMs.x and Cu@M;
represent Cu-based bulk alloys and single-atom alloys with M, respectively. Representative configurations of

CusNi; and Cu@Ni; surfaces are shown as insets.

Based on the reaction energetics reported in Figure 2 and scaling relationships in Figure 3b, we
further develop a mean-field microkinetic model including explicit adsorbate-adsorbate
interactions using the CatMAP code® to study the activity for furfuryl alcohol production over
different metal surfaces under reaction conditions. The considered elementary steps and other
simulation parameters are discussed in the Microkinetic Simulation section in the Supporting

Information. We find that the binding energies of all reaction intermediates involved in furfural
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hydrogenation to scale well with FCHO* (cf. Figure 3b), indicating that we could use a single
activity descriptor, i.e., the adsorption strength of furfural AEg.y. The activity trends of both

experiment and theory are shown in Figure 4.

Cu is theoretically predicted to be the most active catalyst for furfural hydrogenation towards
furfuryl alcohol (cf. Figure 4b) among all the elemental transition metals considered in this work.
The high TOF of Cu results from a moderate barrier for H, activation (cf. Figure 4) and suitable

adsorption strength of furfural species, which lead to a good overall activity.

Stepped surfaces promote the activity on weak-binding metals, while they suppress the activity
on strong-binding metals. As can be seen in Figure 4b, Cu(211) is predicted to have a higher
activity by ca. 1 order than Cu(111) for furfural hydrogenation, indicating that the introduction
of under-coordinated sites on Cu surfaces might lead to increase in the activity for furfuryl alcohol
production. A similar trend is observed on weak-binding surfaces including Ag and Au with the
stepped (211) surfaces predicted to have higher activity than (111) surfaces. On the strong-
binding leg of the activity volcano plot in Figure 4b, Pd(111) is predicted to be the most active
monometallic surface, followed by Co(0001) and Ni(111). In contrast to weak-binding metals, for
the strong-binding metals, stepped surfaces (211) are predicted to have lower activity than the
(111) surfaces. As shown in Figure 1, stepped surfaces exhibit stronger binding of furfural (i.e.,
more negative AGgcyo) especially for strong-binding metals compared to their (111)
counterparts, while the H* adsorption is a lot less sensitive to the facet identity (cf. Figure S5). As
aresult, the H* coverages on strong-binding stepped surfaces are reduced as shown in Figure S5,
while the FCHO* coverages only increase moderately due to large adsorbate-adsorbate
interactions. Consequently, the second-order dependence of hydrogenation activity on H*
coverage and first-order dependence on FCHO* coverage lead to an overall decreased activity
towards furfuryl alcohol formation on the strong-binding surfaces (i.e., Pt, Pd, Ir, Ni, Co, Rh and

Ru).
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The simulated activity volcano (for monometallic surfaces) in Figure 4b suggests that there
remains space for improvement in activity, which can also be seen in the experimental TOF data
that was obtained at similar reaction conditions in Figure 4a.>® In order to identify catalyst
materials that might be closer to the top of the activity volcano in Figure 4b, we studied bulk
alloys and single atom alloys (SAAs) by combining one metal on the weak-binding leg, i.e., Cu and
one metal on the strong-binding leg, e.g., Pt, Pd and Ni. For the convenience of direct synthesis
in experiments, we only considered alloy candidates which have been reported in previous
experimental studies of C=0 hydrogenation reactions performed under similar reaction
conditions (temperature and pressure)®°>, We find that CuCr alloy binds furfural too strongly
even with a dilute Cr component (i.e., CusCri), leading to a relatively low activity. Note that the
CuCr might be oxidized during the reaction, therefore the theoretical CuCr alloy model here might
not be the actual active surfaces. Several Cu based alloys that were investigated are predicted to
have high activity (close to the top of the activity volcano) as can be seen in the inset in Figure
4b. CuPd, CuPt, CuCo and CuNi bulk alloys and Ir, Rh, Ni, Pd, Pt-doped Cu single atom alloys show
improved activity for furfural hydrogenation compared to their parent metals. This observation
is in line with the experimental observations in Figure 4a: Cu,16Pd1 single atom alloy in Ref>®
shows over two orders of magnitude higher TOF towards furfuryl alcohol than Cu and Pd on Al;03
support; dilute CuPt alloys in Ref®® are predicted to have more than one order of magnitude
higher TOF compared to pure Cu and Pt catalyst. However, these alloy candidates have the

disadvantage that they still contain expensive noble metals (Pt, Pd).

Interestingly, Cu-rich CusNi; and Cu@Ni; surfaces are predicted to have high activity for the
production of furfuryl alcohol, while CuNi alloys with high Ni content including CuzNi; and CuiNis
are predicted to have low activity (cf. Figure 4b) due to the over-binding of furfural on the Ni-rich
active sites. The prediction that Cu rich CuNi alloys have high activity for furfural hydrogenation
is in agreement with a recent study by Weerachawanasak et al. where CuNi alloys with a Cu-rich
component were reported to show higher yields for furfuryl alcohol production relative to pure
Cu and Ni-rich catalysts.>® In addition, Ni-rich catalysts are reported to display activity towards

further hydrogenated products in vapor phase, e.g., tetrahydrofurfuryl alcohol (THFA)®®.
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Therefore, diluting Ni content in Cu catalyst is crucial to obtain high selectivity and activity
towards furfuryl alcohol. Considering the abundance, noble-metal-free and low toxicity of both
copper and nickel, we advocate for future research efforts to extensively study CuNi based
bimetallic catalysts for furfural hydrogenation as they can help resolving some of the major issues
that currently plague the industrial production of furfuryl alcohol using chromite-based catalyst

materials.

Before closing the discussion, we highlight the following limitations of our study. First, we focused
on the simplest furfural valorization reaction involving the conversion of furfural to furfuryl
alcohol and ignored possible side reactions, e.g., ring-opening and further hydrogenation, which
might selectively occur under harsher reaction conditions (i.e., higher temperature and pressure
or in the presence of specific solvents)!. As a result, our work does not provide insights on the
selectivity of furfural hydrogenation but only indicates the activity trends of furfural
hydrogenation on metal surfaces. Furthermore, our model does not explicitly consider the effects
of the oxide support typically used in experiments, which could potentially impact the reactivity
of furfural hydrogenation reactions as shown in previous studies!®?7:67.68  Finally, we did not
consider possible surface reconstruction, segregation and oxidation under operando conditions,

which might introduce discrepancies in the observed structure-activity relationships®®71.

Conclusions

To summarize, we have performed DFT calculations and microkinetic modeling to study the
activity trends in furfural hydrogenation to furfuryl alcohol on metal surfaces. The rate-
determining steps were identified to be H; activation, surface hydrogenation of FCHOH*/FCH,O*
and furfural desorption on weak, moderate and strong-binding surfaces as represented by
Au(111), Cu(111) and Pt(111) surfaces respectively. We show that the furfural adsorption energy
can serve as an effective activity descriptor for furfural hydrogenation, where the moderate
binding strength of furfural leads to maximal predicted activity. The microkinetic simulations
show that stepped (211) surfaces are more active than terrace (111) surfaces for moderate/weak

binding metals including Cu, Ag and Au, while the opposite trend is observed on the strong-
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binding metals including Pt, Pd, Ir, Ni, Co, Rh and Ru. These observations highlight facet-
dependent catalyst design principles. We further predict several Cu-based alloys to display high
activity towards furfuryl alcohol production beyond monometallic candidates. In particular, we
find that CuNi alloys with dilute Ni component are promising candidates to replace Cr-containing

catalysts currently employed in the industrial hydrogenation of furfural to furfuryl alcohol.
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