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ABSTRACT
Metal–water interfaces are central to understanding aqueous-phase heterogeneous catalytic processes. However, the explicit modeling of the
interface is still challenging as it necessitates extensive sampling of the interfaces’ degrees of freedom. Herein, we use ab initio molecular
dynamics (AIMD) simulations to study the adsorption of furfural, a platform biomass chemical on several catalytically relevant metal–water
interfaces (Pt, Rh, Pd, Cu, and Au) at low coverages. We find that furfural adsorption is destabilized on all the metal–water interfaces compared
to the metal–gas interfaces considered in this work. This destabilization is a result of the energetic penalty associated with the displacement
of water molecules near the surface upon adsorption of furfural, further evidenced by a linear correlation between solvation energy and
the change in surface water coverage. To predict solvation energies without the need for computationally expensive AIMD simulations,
we demonstrate OH binding energy as a good descriptor to estimate the solvation energies of furfural. Using microkinetic modeling, we
further explain the origin of the activity for furfural hydrogenation on intrinsically strong-binding metals under aqueous conditions, i.e.,
the endothermic solvation energies for furfural adsorption prevent surface poisoning. Our work sheds light on the development of active
aqueous-phase catalytic systems via rationally tuning the solvation energies of reaction intermediates.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0157573

INTRODUCTION

Adsorption of molecules at solid–gas and solid–liquid inter-
faces is the heart of heterogeneous catalysis.1 Adsorption energy
scaling relationships have widely been used to understand the trends
in catalytic activity and selectivity, providing valuable insights for
mechanistic studies and catalyst design.2–7 Although great progress
has been made to understand the adsorption phenomena of var-
ious adsorbate species at solid–gas interfaces, the adsorption of
species in the presence of solvents, e.g., water, is less studied. This

knowledge gap exists although the solvent has been shown to play
a significant role in governing the reactivity of heterogeneous cat-
alysts at the solid–liquid interface.8,9 The inadequate understand-
ing of solvent effects on the adsorption of reaction intermediates
hinders the transferability of acquired knowledge of a vast major-
ity of catalytic reactions in the gas phase to their liquid-phase
counterparts.

Furfural (FCHO, where F denotes the furan ring and CHO
denotes the aldehyde group) is an important platform molecule
derived from lignocellulose, with widespread application in polymer
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and biofuel synthesis.10,11 Annually, more than 60% of produced fur-
fural is used to produce furfuryl alcohol (FCH2OH), a key monomer
to synthesize furan resins, via catalytic hydrogenation.12 Both het-
erogeneous gas(vapor)- and liquid-phase furfural hydrogenation
have widely been studied,13,14 with the latter having the advantages
of operating under relatively milder conditions and having a higher
yield15,16 with a tunable selectivity toward the desired products.17

In particular, solvents, such as water, enable hydrogenation reac-
tions on Pt-group metals even at room temperature. For instance, Pt
could catalyze furfural hydrogenation selectively to furfuryl alcohol
at 323 K in methanol18 and 303 K in aqueous phase.19 Ru has even
been shown to achieve nearly 100% selectivity to furfuryl alcohol at
293 K in aqueous phase.20 In contrast, the hydrogenation reaction
at a solid–gas interface necessitates high temperatures on a Pt sur-
face.21 The origin of the increased activity and selectivity in aqueous
phase has been attributed to different solvent effects,22 including the
solvent acting as a co-catalyst23 or a promoter,24 the opening of new
reaction channels in the presence of the solvent,25 and the solvent
acting as a reactant,26 e.g., as a proton donor.27 The deviating strands
in reasoning emphasize the need for the atomistic level understand-
ing of the interaction of biomass-derived molecules, such as furfural,
on metal–water interfaces.

In heterogeneous furfural hydrogenation at a solid–water inter-
face, FCHO interacts not only with the catalyst surface but also
with the surrounding water molecules, which can affect its adsorp-
tion properties and the catalytic activity. For instance, combining
experimental isotherms and density functional theory (DFT) calcu-
lations, Akinola et al. revealed that the adsorption of large organic
molecules (including FCHO) is weakened on strong-binding sur-
faces, such as Pt and Rh, in aqueous phase compared to ultra-
high vacuum (UHV) conditions. This weakening is attributed to
the large enthalpic penalty associated with water displacement at
the metal–water interface upon the adsorption of large organic
molecules.28 The weakened adsorption under aqueous conditions
can also help explain the origin of the activity (at room tempera-
ture) for the hydrogenation of these large organic molecules on such
strong-binding surfaces. Based on the solution calorimetry results29

and previous thermodynamic cycle approaches,30 Singh and Camp-
bell proposed a simple bond-additivity model to quantify the ener-
getic penalty for the adsorption of (flat) aromatic molecules on metal
surfaces, which has mainly been attributed to water displacement
during the adsorption of these large aromatic molecules.31 However,
the as-proposed methods strongly rely on indirect electrochemical
measurements and isotherm adsorption models, which might suffer
from uncertainties in the estimated results.

Ab initio molecular dynamics (AIMD) provides direct atom-
istic level insights into the adsorption phenomena and catalysis at
metal–water interfaces.32–38 For instance, Heenen et al. studied the
adsorption of several common adsorbates (CO∗, CHO∗, COH∗,
OCCHO∗, OH∗, and OOH∗) on Cu, Au, and Pt metal–water inter-
faces and found the solvation energies to be dependent on both
the identity of the adsorbate and the metal surface. As a result, the
estimated solvation energies for the adsorbates are non-transferable
across metal surfaces, e.g., CO∗ adsorption energy is barely affected
by the presence of water on most of the metal (111) surfaces but
slightly weakened on (211) surfaces,39 while OH adsorption shows
over 0.5 eV stabilization in aqueous phase (compared to vacuum)
on Au(111) and Pt(111).40 In contrast, Yoon et al. reported the

adsorption of phenol on metal–water interfaces to be consistently
destabilized on Pt(111) and Ni(111).41 Zare et al. developed a hybrid
quantum mechanical/molecular mechanical (QM/MM) approach to
find that the adsorption of large molecules, i.e., benzene and phenol,
is dramatically weakened on Pt(111) and Cu(111) in aqueous phase
at 298 K, as a result of large endergonic cavity formation energy.42

A recent work by Yao et al. has demonstrated the adsorption of fur-
fural at the Cu(111)–water interface, which displays a tendency to
adsorb rather than desorb into water at 443 K.43 However, most of
the previous studies on biomass related processes focus on a lim-
ited number of (metal) catalysts (usually only one), making it hard
to obtain generalizable conclusions. In summary, the adsorption of
small molecules in aqueous phase could be either destabilized or sta-
bilized compared to vacuum/gas conditions, while larger molecules
tend to suffer from huge energetic penalties associated with the
replacement of water molecules (cavity formation) in aqueous phase.

Herein, we systematically study the adsorption of furfural
based on AIMD simulations at 300 K for five metal–water
interfaces, i.e., Au(111), Cu(111), Pd(111), Pt(111), and Rh(111)
(cf. Scheme 1), which have extensively been investigated for fur-
fural valorization.13,26 The computed furfural adsorption on these
surfaces is consistently destabilized under aqueous conditions com-
pared to vacuum conditions, i.e., the solvation energies ( ΔEsol) of
furfural are positive in all cases. Our AIMD results show good
agreement with previous solution calorimetry28,44 and thermody-
namic cycle models.31 The structural analyses of the metal–water
interfaces from AIMD simulations suggest that the positive solva-
tion energies are due to the energetic penalty associated with the
displacement of surface adsorbed water molecules due to furfural
adsorption, evidenced by a strong correlation between the solva-
tion energy and surface water replacement. Importantly, we find
the hydroxyl (OH) binding energy to be a descriptor for the solva-
tion energy of furfural at metal–water interfaces, which bypasses the
need for expensive AIMD simulations to obtain solvation energies.
In addition, we discuss the differences in the origin of the endother-
mic solvation energies for furfural at metal–water interfaces between

SCHEME 1. A schematic of the various metal [Au, Cu, Pt, Pd, and Rh(111)]–water
interface models studied using AIMD simulations. (a) Without furfural adsorption
and (b) with furfural adsorption. The color coding for the atoms is shown on the
right.
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the bond-additivity model and the AIMD simulations. Based on a
simple microkinetic model developed in our previous study,14 we
show that the endothermic solvation energies promote the furfural
hydrogenation reaction toward furfuryl alcohol on strong-binding
metals. This study generalizes the solvent effects on furfural adsorp-
tion across different metal surfaces via simple scaling relations and
provides a rationale for screening both catalysts and solvents to
promote the catalytic activity of furfural hydrogenation and other
biomass valorization reactions.

COMPUTATIONAL METHODS
DFT calculations

The Vienna Ab initio Simulation Package (VASP)45 was used in
this work to perform DFT and AIMD simulations using the revised
Perdew–Burke–Ernzerhof (RPBE)46 exchange–correlation (XC)
functional complemented with the D3 dispersion correction47,48 that
has previously been used in the simulations of metal–water inter-
faces.49 A plane-wave cutoff of 400 eV and a Gaussian smearing of
width 0.2 eV were used in all the simulations. The electronic struc-
ture was relaxed until all forces converged to less than 0.05 eV/Å for
geometry optimizations.

The metal surfaces were modeled as 4 × 4 × 4 Au, Cu, Pd,
Pt, and Rh fcc(111) slabs, which are commonly used as catalysts in
thermal furfural hydrogenation.13 The top two layers of the metal
surfaces were relaxed, while the bottom two were fixed to their bulk
structures, with optimized lattice constants of 4.17, 3.58, 3.92, 3.94,
and 3.80 Å, respectively. A 3 × 3 × 1 k-point mesh was applied on all
surfaces. As for furfural adsorption, one furfural molecule in the unit
cell with 16 surface metal atoms was used in the simulations. Both
upright and flat adsorption configurations of furfural were consid-
ered in vacuum calculations, with the flat configuration being much
more stable than the upright configuration, in line with a previ-
ous report.14 We investigated the dependence of furfural adsorption
energies on surface size at the metal–vacuum interface as shown in
Fig. S1 and found out that the 4 × 4 slab model is representative of
furfural adsorption in the low coverage regime. Since we find fur-
fural in this study to be only weakly solvated and to, thus, have a
negligible solvation shell, we expect this size dependency to hold in
an aqueous environment. The static binding energy of furfural in
vacuum is obtained using Eq. (1),

ΔEFCHO = Eslab_FCHO − Eslab − EFCHO(g). (1)

An OH molecule on the top site of all metal surfaces is simulated to
obtain the static vacuum OH binding energies using Eq. (2),

ΔEOH = Eslab_OH − Eslab − (EH2O(g) − 0.5EH2(g)), (2)

where the gas-phase energies of the reference gases, such as
FCHO(g), H2O(g), and H2(g), are calculated using static DFT
calculations.

AIMD simulations

AIMD simulations were performed with a 0.5 fs time step
employing a Nosé thermostat set at 300 K. Forty water molecules
were included in the metal–water interfaces for the fcc(111) sur-
faces, corresponding to roughly five layers of the aqueous solvent.

A furfural molecule was placed on the metal surface surrounded by
water to simulate FCHO adsorption at the metal–water interfaces.
The AIMD-based vacuum adsorption energy ΔEFCHO_vac_AIMD, the
aqueous-phase adsorption energy ΔEFCHO_aq_AIMD, and the solvation
energy ΔEsolv against the adsorption in vacuum were calculated as
follows:

ΔEFCHO_vac_AIMD = Eslab_FCHO_vac_AIMD

− Eslab_vac_AIMD − EFCHO(g)_AIMD, (3)

ΔEFCHO_aq_AIMD = Eslab_FCHO_aq_AIMD − Eslab_aq_AIMD

− EFCHO(g)_AIMD, (4)

ΔEsolv = ΔEFCHO_aq_AIMD − ΔEFCHO_vac_AIMD, (5)

where EFCHO(g)_AIMD is the gas energy of a furfural molecule derived
from AIMD simulations at 300 K with a 3/2 kBT correction, because
the center of mass (COM) motions are not included in the gas-
phase AIMD simulations.50,51 Three independent trajectories were
simulated out for each aqueous system with randomly generated
starting configurations of the solvent water molecules. To determine
the uncertainty in the measured quantities, we report the standard
deviation σ as error bars obtained from the trials as σ√

n , where n = 3.
Each AIMD trajectory was run for 50–70 ps after a pre-equilibration
period of ∼5 ps. We ensured that the individual trajectories are con-
verged, showing an average drift in the total energy of <0.05 eV/ps
after equilibration, as shown in Fig. S2. The last 10 ps of three par-
allel converged trajectories of each system was used as statistics to
probe the converged energetics and structural properties. The z-axis
distribution of water molecules was estimated using either the O
or the H atoms of H2O. As shown in Fig. S3, on the studied metal
surfaces, our simulation configurations reproduce the physical inter-
faces where the water in the region of 5–10 Å reaches the density
of liquid water,52,53 denoted by the blue dashed lines. The resi-
dence time of furfural chemisorption is analyzed via a “surface metal
atom–furfural atom” pair count based on a cutoff criterion shown
in Table S1 and explained, in more detail, in the supplementary
material.

The water molecule is considered to be adsorbed on the surface
if it is closer than 2.55 Å to a surface metal atom as suggested by
Heenen et al. based on analyzing the radial distribution functions
of the metal–water interface.40 To account for the different covalent
radii of metal atoms, we re-estimated the chemisorbed water based
on rH2O,Metal (the atomic distance between surface metal atoms and
O in H2O) in reference to Cu(111) rH2O,Cu = 2.55 Å calculated from
metal–water radial distribution functions (RDFs),40

rH2O,Metal = 2.55Å ×
rcov,metal + rcov,O

rcov,Cu + rcov,O
, (6)

with the covalent radii rcov = 0.66, 1.32, 1.36, 1.39, 1.36, and 1.42 Å
for O, Cu, Au, Pd, Pt, and Rh, respectively, derived from Ref. 54.

The surface water coverage θw was calculated by averaging the
total number of adsorbed H2O molecules ⟨ñw⟩ during an AIMD tra-
jectory and normalizing this value by the number of surface atoms
per unit cell (16) as shown in Eq. (7),

θw =
⟨ñw⟩

16
. (7)
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The hydrogen bonds formed between the adsorbed furfural and
water were explicitly counted by the distance and angle criteria
for the bonding of O/H in furfural and H/O in H2O as reported
in Ref. 55. The major post-processing results are summarized in
Table S2 of the supplementary material. The analysis functions and
methodologies to obtain all energetic and structural results from
the AIMD simulations are available in the AIMDprobe package:
https://github.com/tjunewson/AIMDprobe.

RESULTS AND DISCUSSION
Adsorption of furfural results in the decreased surface
coverage of water at the metal–water interface

Furfural demonstrates different adsorption behaviors at the
studied metal–water interfaces. In general, furfural binds flatly to
all metal surfaces occupying ∼5 metal atoms as displayed in Fig. S4
and does not desorb into the water bulk within the timescales of
the AIMD simulations [cf. time resolution of center of mass (COM)
in Fig. S5]. A detailed analysis points to the distinct differences in
the adsorption configurations of furfural, which indicate an increas-
ing binding strength following the trend Au < Cu < Pd ≈ Pt ≈ Rh.
In a first instance, this is evident by the adsorption height (in the
z direction) to the respective metal surfaces described by the dis-
tance between the COM of furfural and the metal surface as shown
in Table S2.

The COM–surface distance, denoted by the vertical dotted lines
in Fig. 1, shows that the furfural is located within the first water layer
for the strong-binding metals, such as Pd, Pt, and Rh, and resides
slightly above the first water layer [the peaks shown in Figs. 1(a)
and 1(b) for Au and Cu, respectively]. These adsorption heights
are accompanied by a complete immobility for Pd, Pt, and Rh and
moderate and high lateral mobilities for Cu and Au, respectively
[cf. furfural’s mean square displacement (MSD) in Fig. S6]. Using
the metal atom residence time distribution shown in Fig. S7, we can
finally conclude that the furfural directly chemisorbs on Pd, Pt, and
Rh, through the C atoms in the furan ring, while the –CHO group is
pointing to the water on Pd and Pt and binding to Rh via its O. In
comparison, a weak physisorption is found for Cu, which is evident
through a sole interaction of the –CHO group’s O atom resulting
in a tilted adsorption geometry. No specific interaction of furfural
with Au is found, indicating that its adsorption above the first water
layer is entropy driven, which is a typical behavior for hydrophobic
adsorbates.56,57

Interestingly, we find these adsorption geometries of low-
coverage furfural at the metal–water interfaces to resemble those at
metal–gas interfaces (Fig. S4, upper and lower panels) and those in
previous studies,58–62 i.e., a flatly adsorbed orientation on Pt-group
metals, a flat (weakly interacting) orientation on Au, and a slightly
tilted orientation on Cu. We further show in Table S3 that the calcu-
lated centers of mass (COM) of furfural at the metal–water interfaces
are very close to those at metal–vacuum interfaces. These results

FIG. 1. Water density profiles obtained from the AIMD simulations of the different metal–water interfaces. (a) Au(111), (b) Cu(111), (c) Pd(111), (d) Pt(111), and (e) Rh(111);
(f) the site-normalized surface water coverage without furfural adsorption (left axis) and the change with furfural adsorption (right axis). Note that water molecules are located
based on the position of the oxygen atom. The vertical dotted lines in (a)–(e) highlight the centers of mass of furfural. The blue dashed lines denote the experimental density
of bulk water at room temperature.
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suggest that solvent water might not affect the adsorption geometries
of hydrophobic adsorbates on metal surfaces.

The averaged distribution of water molecules before and after
furfural adsorption shows notable water replacement, especially near
the surface (<5 Å) [cf. Figs. 1(a)–1(e)]. The density of water is the
highest near the metal–water interface due to the adsorption of
water molecules on the surface and consequent local crowding. The
liquid–vapor interfaces on Cu are the highest (∼15 Å) among the
studied surfaces as shown in Fig. 1(b) due to its smallest lattice con-
stant among the studied metals. Note that except for the Au surface,
shown in Fig. 1(a), all metal surfaces display a small shoulder peak
to the left of the major peak, which originates from the fact that the
first layer of water molecules binds to the surfaces mainly via the
O atoms. This adsorption results in H atoms pointing outward the
surface to form an O-void in the second water layer, i.e., the typical
bilayer structure of water on reactive metal surfaces.63

As shown in Fig. 1(f), we find that from Au to Rh, the site-
normalized surface water coverages (θw) generally increase, in line
with a previous report.40 We note that the calculated water coverage
on Pt(111) shows good quantitative agreement with previous AIMD
studies (with different surface sizes) performed using the RPBE-D3
functional (cf. Table S4). Calculations by Le et al. predict slightly
higher water coverages,64,65 which is likely due to the stronger bind-
ing of water by the PBE-D3 functional.66 More importantly, the
replaced water coverages upon furfural adsorption Δθw also increase
from Au to Rh. Assuming that a furfural molecule occupies the same
number of surface sites (∼5)31 on different metal surfaces at low
coverages, we expect that the replaced water coverages should be
dependent on the binding strength of water or correlated binding
properties, such as the OH binding energy,2 on the respective metal
surfaces. We will return to this point later in this paper.

We further studied the formation of directional hydrogen
bonds between the adsorbate (furfural) and solvent water, which
could stabilize the adsorption.67 The cumulative averages of cal-
culated hydrogen bonds formation between furfural and water are
summarized in Table S1 (the bond formation criteria are detailed in
the section titled COMPUTATIONAL METHODS). We find that
<1 hydrogen bond is formed per adsorbed furfural molecule with
the solvent water molecules. This low degree of hydrogen bonding is
comparable to the very weakly interacting CO∗ at the metal–water
interfaces40 and rules out the possible stabilization effects on fur-
fural adsorption via hydrogen bond interactions at the metal–water
interface.

Furfural adsorption is destabilized under aqueous
conditions on metal surfaces

As shown in Fig. 2(a), the aqueous-phase adsorption ener-
gies of furfural at the metal–water interfaces estimated from the
AIMD simulations are all weaker than the corresponding adsorp-
tion energies in vacuum, i.e., the solvation energies of furfural on
the metal surfaces are endothermic as can be seen in Fig. 2(b).
Notably, the estimated adsorption energies from the AIMD sim-
ulations for Pt and Rh are in good agreement with the solution
calorimetry experiments28,29 and the bond-additivity model.31 The
calculated solvation energies for the studied metal–water interfaces
are all above +0.4 eV and reach up to +1 eV on Pt and Rh, far
beyond the DFT intrinsic error of ∼0.2 eV on calculated adsorption

FIG. 2. Determined adsorption energies for furfural (a) in vacuum, AIMD simula-
tions, experiments,28 and the bond-additivity model;28 (b) the solvation energy for
furfural on the studied surfaces estimated using the AIMD simulations. The stan-
dard deviations are obtained from three independent simulation trajectories for
each of the studied metal–water interfaces.

energies,68 which should have a considerable impact on the adsorp-
tion phenomena and catalytic processes related to furfural under
aqueous conditions. Furthermore, we find that the bond-additivity
model31 and AIMD simulations in this work estimate similar sol-
vation energies of furfural on the Pt(111) surface of ∼0.72 and
0.82 eV, respectively [cf. Fig. 2(a)]. However, we note that there are
important differences in their origin as discussed in Fig. S8 in the
supplementary material.

FIG. 3. Correlation between the AIMD-derived furfural solvation energies at the
metal–water interfaces and the replaced surface water coverages (per surface
site).
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To shed light on the origin of the endothermic solvation ener-
gies, we further plot the solvation energies of furfural adsorption
against the replaced surface water coverages as shown in Fig. 3.
We find that the solvation penalty linearly increases with increasing
number of replaced water molecules per site. This universal correla-
tion strongly suggests that the destabilization of furfural adsorption
at metal–water interfaces should be a result of the energetic penalty
associated with the displacement of water molecules near the sur-
face due to the introduction of a large molecule, such as furfural. We
note in passing that the intercept of the linear relationship in Fig. 3
is positive (+0.27 eV), indicating an intrinsic destabilization of fur-
fural adsorption at the metal–water interface even in the absence of
competitive water adsorption.

OH binding energy is a good descriptor to predict
solvation energies and circumvent expensive
AIMD simulations

The identification of simple descriptors to predict critical quan-
tities for metal–water interfaces can be very useful for the rational
design of new catalysts without the need for computationally expen-
sive simulations.4 For instance, Kelly et al. proposed OH binding
energies to universally correlate with both potentials of zero charge
and site-normalized water coverages on a number of transition
metal surfaces.69 In addition, the OH binding energies have been
applied to predict the solvation energy of OH adsorption in aque-
ous phase.40 Similarly, H2O binding energies have been shown to
predict the Volta potential difference between the surface of metal
and water.70

Inspired by the aforementioned studies on identifying sim-
ple descriptors, we find that the OH binding energies scale well
with the solvation energies of furfural on the studied metal surfaces
(cf. Fig. 4). A stronger binding of OH gives rise to more endother-
mic solvation energies, i.e., weaker binding of furfural. The linear
correlation between the OH binding energy and furfural solvation

FIG. 4. Scaling relationship between the AIMD-derived furfural solvation energies
at the metal–water interfaces and the calculated OH binding energies in vacuum.

energy in aqueous phase can be used to obtain a reasonable estimate
of the solvation energies on different metal surfaces, hence allow-
ing the estimation of aqueous-phase adsorption energies of furfural
on metal surfaces without the need for expensive AIMD simula-
tions. We expect that this simple descriptor can be used to estimate
the energetic penalty associated with water replacement for other
hydrophobic species, e.g., furan and benzene, but with different scal-
ing relations due to differences in the nature of the metal–adsorbate
interaction. In contrast to hydrophobic molecules, glycerol and
other biomass derivatives with one or more –OH groups can form
complicated hydrogen bond networks with protic solvents, such as
water. This necessitates a more robust sampling of possible adsorp-
tion configurations for such molecules at metal–solvent interfaces.
Therefore, more complicated relationships might be required to
account for stabilizing effects, e.g., a separate term/descriptor to
account for the energetics of hydrogen bond formation to predict the
solvation energies of biomass related species containing –OH groups
[e.g., glycerol and 5-hydroxymethylfurfural (HMF)] in polar, protic
solvents.

Before closing this section, we would like to highlight a few
shortcomings of this work. First, the AIMD simulations were only
performed for the (111) surfaces of the metals considered in this
study. Thereby, the trends in solvation energies on other high-index
surfaces might be different to the ones observed in this work. Sec-
ond, the timescales accessible by AIMD simulations are limited
because of the expensive energy and force estimates needed for
each timestep. The nanosecond timescales that might be needed
for sufficient sampling of metal–water interfaces71 are currently out
of reach for AIMD simulations. This could be resolved in future
studies by employing machine learning based interatomic poten-
tials to perform long timescale molecular dynamics simulations
of metal–water interfaces.71–74 However, the reasonable agreement
of our determined solvation energies on Pd and Pt with experi-
mentally determined values gives us confidence in the validity of
the results.

FIG. 5. Theoretical activity volcano for furfural hydrogenation to furfuryl alcohol at
300 K on different (111) metal surfaces under gas (black markers) and aqueous
conditions based on solvation energies obtained from the AIMD simulations of the
metal–water interfaces considered in this work (cyan markers).
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Endothermic solvation energies activate furfural
hydrogenation on strong-binding metals by
preventing surface poisoning

To demonstrate the implications of the differences in the
adsorption energies of furfural under gas- and aqueous-phase con-
ditions, we studied the hydrogenation of furfural toward furfuryl
alcohol, a central reaction for furfural valorization.13,75 Pt(111) was
used as an example to highlight the effect of the solvation energy
corrections to the reaction energetics containing furanic species. As
shown in Fig. S9, the reaction energy for furfural adsorption on
Pt(111) is significantly weakened in the aqueous phase. We then
performed microkinetic simulations for furfural hydrogenation to
construct the activity volcano for several (111) transition metal sur-
faces (cf. Fig. 5). We note that the solvation energy estimated for
furfural was used for all reaction intermediates in the microki-
netic simulations based on the assumption of the similar size and
hydrophilicity of furanic species along the reaction pathway to fur-
furyl alcohol (only the aldehyde group is hydrogenated). The activity
volcano under gas-phase conditions (black markers in Fig. 5) indi-
cates that strong-binding metals, e.g., Ru, Rh, and Pt, display very
low activity at room temperature for furfural hydrogenation due
to the surface poisoning of furanic intermediates, e.g., FCHO∗, as
shown by the simulated coverages (cf. Fig. S10). We find that the
predicted catalytic activity for these strong-binding metals signif-
icantly increases if we consider the hydrogenation under aqueous
conditions, where the furfural binding is greatly weakened due to
the endothermic solvation energy (cyan markers in Fig. 5). In con-
trast, the weaker-binding metals, e.g., Au and Cu, suffer from the
destabilization effect from solvation, which results in lower activi-
ties toward furfural hydrogenation. An important observation is the
change in the most active metals predicted by the activity volcano
under vacuum (coinage metals) and aqueous conditions (Pt-group
metals).

The weakened adsorption of furanic species for the metals
in the strong-binding leg of the volcano prevents surface poison-
ing and allows for sufficient coverage of H species, as shown in
Fig. S10, which results in the increased activity for aqueous-phase
hydrogenation. These results provide insights into the importance
of aqueous conditions in catalyzing furfural hydrogenation on
strong-binding metals at room temperatures and why Pt-group met-
als display activity in the electroreduction of furfural and other
furanic reactants under aqueous conditions.76 However, solvent-
mediated mechanisms, such as H-shuttling,25,43 possible hydrogen
bond stabilization for other reaction intermediates, and high-index
facets, have not been considered in the model. We postulate that
the neglected stabilizing effects from both hydrogen bond forma-
tion and water-aided hydrogenation pathways on other reaction
intermediates than furfural are likely to have lower energetic con-
tributions relative to the solvation penalties resulting from water
replacement, and their impact is, thus, minor. This assumption is
particularly valid on stronger binding metals (Pd, Pt, and Rh). For
the moderate and weak binding metals (Cu and Au), these stabi-
lizing effects might play a bigger role in the overall aqueous-phase
hydrogenation activity and compensate for the overall energetic
penalty of solvation, which may, therefore, be overestimated in
our study.

CONCLUSION

Understanding the adsorption phenomena at the metal–water
interfaces aids in the optimization of reaction conditions for impor-
tant aqueous-phase catalytic transformations. In this work, we stud-
ied the adsorption of furfural in aqueous phase, a platform biomass
derivative, on several transition metal–water interfaces using AIMD
simulations. Our work estimates large endothermic solvation ener-
gies associated with furfural adsorption on metal–water interfaces,
which we attribute to the replacement of surface adsorbed water
molecules in the presence of furfural. The linear correlation between
the solvation energies and replaced water coverages further confirms
the origin of the endothermic solvation energies. To circumvent
the need for expensive AIMD simulations of metal–water inter-
faces, we propose the OH adsorption energy of the transition metal
to be a good descriptor to estimate the solvation energies of fur-
fural. We further bridge the understanding of furfural hydrogena-
tion between gas and aqueous conditions via a simple microkinetic
model, which can help explain the origin of the activity of aqueous-
phase furfural hydrogenation on Pt-group metals under mild
conditions.

SUPPLEMENTARY MATERIAL

See the supplementary material for the convergence and major
results of AIMD simulations, details of the microkinetic model,
the coverage-dependent furfural adsorption energy, the snapshots
of furfural adsorption configurations, the time-averaged center of
mass (COM) and mean squared displacement (MSD) of furfural,
the cumulative residence time of furfural, the comparison between
a previous bond-additivity model and AIMD simulations, and the
simulated and fitted coverages in microkinetic modeling.
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