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An evaluation of solvent effects and ethanol oxidation

Yuhan Mei and N. Aaron Deskins

Understanding liquid-metal interfaces in catalysis is important, as the liquid can speed up surface
reactions, increase the selectivity of products, and open up new favorable reaction pathways. In this
work we modeled using density functional theory various steps in ethanol oxidation/decomposition
over Rh(111). We considered implicit (continuum), explicit, and hybrid (implicit combined with
explicit) solvation approaches, as well as two solvents, water and ethanol. We focused on modeling
adsorption steps, as well as C-C/C-H bond scission and C-O bond formation reactions. Implicit
solvation had very little effect on adsorption and reaction free energies. However, using the explicit
and hybrid models, some free energies changed significantly. Furthermore, ethanol solvent had a
more considerable impact than water solvent. We observed that preferred reaction pathways for C-C
scission changed depending on the solvation model and solvent choice (ethanol or water). We also
applied the bond-additivity solvation method to calculate heats of adsorption. Heats of adsorption
and reaction using the bond-additivity model followed the same trends as the other solvation models,
but were ∼1.1 eV more endothermic. Our work highlights how different solvation approaches can
influence analysis of the oxidation/decomposition of organic surface species.

1 Introduction
Fuel cells can generate electricity directly from fuels, being much
more efficient than conventional electricity production involving
combustion1,2. Several types of fuel cells exist, and the direct
ethanol fuel cell uses ethanol as a fuel. Ethanol is an attractive
choice because it is less toxic than other fuels, and has a high
energy density.3,4. Furthermore, ethanol can be considered a re-
newable fuel source because it can be produced from agricultural
bioprocesses5,6.

Ethanol oxidation is a crucial reaction at the anode in direct
ethanol fuel cells, typically involving metal catalysts6–16. A re-
lated reaction is ethanol decomposition, which is involved for
example in ethanol steam reforming17. The study of ethanol
decomposition can provide insight into ethanol oxidation and,
therefore, has been extensively studied18–21. Complete oxidation
of ethanol, which maximizes electricity production, involves facile
C-H and C-C bond breaking to form CO2 as a final product. Un-
fortunately, incomplete oxidation occurs when using many cata-
lysts due to slow C-C kinetics, and products like acetaldehyde and
acetic acid are formed. A scientific approach to developing new
ethanol oxidation catalysts requires a better understanding of the
fundamental chemical processes at the catalyst surface, including
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how liquid-solid interfaces may affect such chemical processes.
Indeed, solvent effects can be significant for reactions involving
metal catalysts22–24. For instance, recent work25 showed that an
ethanol solvent (as opposed to the typical water solvent) may en-
able room-temperature ethanol oxidation. Changing the solvent
may be one way to tune the ethanol oxidation reaction to obtain
better catalyst activity, but better characterization of solvent ef-
fects are needed.

For molecular modeling simulations, particularly density func-
tional theory (DFT), several types of solvation approaches exist.
Implicit solvation techniques represent the solvent as a contin-
uum surrounding solute atoms. This approach adds little in-
creased time to the simulation. Recent developments, such as
VASPsol26,27, add implicit modeling capability to periodic DFT
calculations when modeling surfaces. Furthermore, Heyden and
colleagues developed the iSMS method28, which obtains solva-
tion energies from metal cluster calculations using, for instance,
the COSMO solvation model29. However, it is unclear if such
implicit solvation techniques may fully describe solvation effects.
In our previous work30, we assessed implicit solvation over the
Pt(111) surface. Adsorption of many common adsorbates and
four reactions were modeled in both vacuum and implicit water.
The results showed that the presence of water could significantly
change some species’ adsorption energies. However, the implicit
solvation model may not always be able to describe hydrogen
bonding correctly.

Explicit solvation includes solvent molecules directly as part of
the simulation. For instance, water molecules may be modeled
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along with reaction intermediates over the catalyst surface. Sev-
eral catalytic studies have been performed using explicit solva-
tion31–36. While explicit solvation approaches are, in principle,
more robust than implicit solvation approaches, the downside to
explicit solvation is that the computational time and complexity
increase as more molecules are added to the simulation. There
are several ways to perform explicit solvation calculations. The
ab initio Molecular Dynamics (AIMD) approach has been used
to describe the complex structures that may arise at liquid-solid
interfaces.37,38 Getman and colleagues32,33 have used empirical
molecular dynamics simulations to generate solvent-metal struc-
tures that were then modeled using DFT. Heyden and his group36

have reported on a hybrid QM/MM methodology, named eSMS
(Explicit Solvation for Metal Surfaces). A simple method involves
adding solvent molecules and allowing geometry relaxation.

A third approach combines implicit and explicit solvation (a
hybrid approach) to include solvent molecules while also ap-
plying implicit solvation. Such an approach can, in principle,
be much faster than explicit solvation schemes involving many
molecules, but may also improve upon the accuracy of implicit
solvation. The cluster-continuum model (CCM) was reported by
Pliego et al.39, which combines implicit solvation with a finite
number of explicit water molecules (a cluster). In their work,
CCM was demonstrated to be more accurate than implicit con-
tinuum solvation models for studying chemical reactions in the
liquid phase. Wang’s group40 also utilized the hybrid method to
simulate water solvation for formic acid oxidation over Pt(111)
surfaces. Schweitzer et al.20 investigated solvation and alcohol
decomposition over Pt using a hybrid model. They placed an ex-
plicit water molecule, while applying implicit solvation, on the
Pt surface arranged to interact with the oxygen atom of the ad-
sorbate, forming a hydrogen bond. When applying their hybrid
model O-H and C-OH bond scission became more exothermic,
while C-H and C-C bond scission became more endothermic.

There have been numerous DFT studies of ethanol oxidation
over metal surfaces18,41–45, but these have largely been per-
formed in vacuum, many ignoring the liquid-metal interface.
However, there has been some modeling work examining ethanol
decomposition in the presence of solvent. Gu et al.46 used an
implicit model to investigate the impact of water on ethanol scis-
sion reactions over Pt(111). Schweitzer and colleagues20 used
a hybrid model to investigate bond breaking in alcohol decom-
position at the H2O/Pt(111) interface. Still, questions regarding
appropriate robust solvation models exist. These previous papers
used only the implicit method or only one water molecule when
applying the explicit model. According to the work of Gu et al.
and Schweitzer et al., the implicit solvation method had minimal
impact on C-C and C-H bond breaking energies, and it is unclear
if one explicit water molecule is sufficient to describe solvation
effects.

Furthermore, even though water solvation have been applied
to ethanol oxidation, the impact of other solvents (like ethanol)
is still unclear. In previous work, water was widely studied as
a solvent, but other solvents, like ethanol, may also be impor-
tant. Michel et al.34 modeled C-H and O-H bond dissociation of
ethanol over the Rh(111) surface with an extra ethanol molecule

or water molecule pre-adsorbed to the surface. Their results in-
dicated that O-H bond scission is facilitated by the presence of
an extra ethanol molecule, while C-H bond dissociation is slightly
inhibited by the extra ethanol molecule. Their work highlights
the potential solvent effect of ethanol solvent. Accordingly, ques-
tions still remain on the nature of solvation effects for ethanol
oxidation, which involves C-C and C-H scission, especially using
ab initio molecular modeling tools like DFT.

In the current work we addressed solvation effects on the
breaking of C-C and C-H bonds, and formation of C-O bond
in ethanol oxidation/decomposition over the Rh(111) surface.
Rhodium is a promising, important ethanol oxidation catalyst for
breaking C–C bonds18,34,47–53, and has been studied both exper-
imentally and via simulations. Complete oxidation involves sev-
eral possible intermediates, and the breaking of various bonds
(C-C, C-H) in ethanol and reaction intermediates to form CO2.
Reaction and activation energies were calculated using different
solvent approaches (implicit, explicit, and hybrid) for bond break-
ing involving select reaction intermediates involved in ethanol
oxidation. These species have been proposed to be critical inter-
mediates for C-C bond breaking of ethanol18,19,21,54. C-H bond
cleavage was also modeled. C-O bond formation reaction to form
acetic acid was also modeled. Acetic acid formation via the oxi-
dation of adsorbed *CH3CO by *OH species is one of the main
side products in ethanol oxidation45,55–57, and inhibiting C-O
bond formation is essential for complete ethanol oxidation. We
considered two different solvents, ethanol and water. This ap-
proach allows the comparison of different solvent methods and
evaluates what role the solvent could have on reaction kinet-
ics. To investigate the effect of the number of explicit solvent
molecules, we also modeled explicit solvation with more than one
water molecule interacting with the adsorbates and metal surface.
Moreover, besides the implicit and explicit solvation models, we
applied the bond-additivity model58,59 to predict heats of adsorp-
tion in solvated environments. The bond-additivity method can in
principle give heats of adsorption closer to experiment by better
describing the energetics of the solvent environment.

2 Methodology

2.1 Computational Details

We performed all calculations using the Vienna ab initio Simu-
lation Package (VASP)60–63. We specifically used the GPU ver-
sion of the code.64–66 We used projector augmented wave (PAW)
pseudopotentials67,68 to represent core electrons. The number
of valence electrons simulated for each atom was 9 for Rh, 4
for C, 1 for H, and 6 for O. We performed tests on the num-
ber of valence electrons for Rh (9 or 15) and the results (Ta-
ble S1) indicate that 9 electrons was suitable for our modeling
of Rh. We used a plane wave basis set with a cut-off energy
of 400 eV. The Perdew-Burke-Ernzerhof (PBE) exchange corre-
lation functional69 was used throughout the study. First order
Methfessel-Paxton smearing70 with a smearing width of 0.1 eV
was also used. All calculations were spin polarized. The conver-
gence criteria for the self-consistent-field (SCF) energy calcula-
tions and atomic forces were to 10−6 eV and 0.01 eV/Å, respec-
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tively.
The Rh(111) surface was represented by a (3×3) slab which

was four layers thick. The bottom two layers of the slab were
fixed. The slab had lattice lengths of 8.15 Å with a 20 Å vac-
uum separation set in the z direction perpendicular to the surface.
This slab is shown in Figure S1. The lattice constant of bulk Rh
was calculated to be 3.84 Å, which is in agreement with previous
work18,41,52,71. For the slab calculations, a Gamma centered k-
point grid of 4 × 4 × 1 was chosen to sample reciprocal space.
To model gas phase molecules, a 20 Å × 20 Å × 20 Å box cell
was used. These gas-phase calculations used a Monkhorst Pack
k-point grid of 1 × 1 × 1.

We modeled adsorption of several species, and further details
on determining stable geometries are discussed in the Supporting
Information. A comparison of our vacuum electronic adsorption
and reaction energies with literature values indicates the validity
of our method (see Tables S2 and S3). We calculated free energies
of adsorption when using the various solvation approaches. The
Gibbs free energies were calculated using ideal-gas statistical me-
chanics for gas phase molecules and the harmonic limit approxi-
mation for adsorbed species, similar to previous work46,59,72,73.
Details of how we calculated free energies can be found in the
Supporting Information.

In vacuum or with implicit solvation, the adsorption Gibbs free
energies involving gas-phase species (e.g. A+ ∗ −→ ∗A, where ∗
refers to the bare metal surface) were determined according to
the following formula:

∆Gads(∗A) = G(∗A)−G(∗)−G(A(gas)). (1)

Here G(∗A) is the free energy of the adsorbate-surface system,
G(∗) is the free energy of the bare surface, and G(A(gas)) is the
free energy of the gas-phase adsorbate molecule. Using explicit
solvation, the adsorption free energies of the species were calcu-
lated as follows32,33:

∆Gsol
ads(∗A) = G(∗(A+ solv))−G(∗solv)−G(A(gas)). (2)

G(*(A+solv)) is the free energy of the adsorbate/surface with
nearby solvent molecule, and G(*solv) is the free energy of the
surface with a solvent molecule on the surface. G(*solv) was cal-
culated from the most stable configuration of a solvent molecule
(either water or ethanol) on the surface.

In the Supporting Information we discuss how we attempted
several different initial configurations with the solvent molecule
bound to the surface. For explicit solvation the water solvent
molecule was adsorbed at atop site of the surface, while the
ethanol solvent molecule was also adsorbed at the atop site.
As for explicit+ solvation (discussed below, having two solvent
molecules), the most stable structure of the solvent from the
explicit method was chosen as the starting point and the sec-
ond solvent molecule was added to interact with the first solvent
molecule in different initial geometries. With two water solvent
molecules, the O atom of the second water molecule was bound
to the H atom in the first water solvent molecule, as indicated in
Figure S7. For the hybrid method, implicit solvation was applied
to the most stable structure from the explicit method. To study

the effect of solvation on adsorption free energy, we calculated
the “adsorption solvation free energy” (∆∆Gsol

ads), as discussed by
Iyemperumal and Deskins30, and other previous work32,74–76.
The adsorption solvation free energy represents the energy dif-
ference in the adsorption free energies between vacuum and sol-
vated systems:

∆∆Gsol
ads = ∆Gsol

ads−∆Gvac
ads. (3)

We modeled C-C bond breaking reactions over the Rh sur-
face for CH3CH2OH, CH3CH2O, CH2CH2O, CH3CO, CH2CO, and
CHCO. (e.g., ∗CHxCO −→ ∗CHx + ∗CO). These reactions have
been reported to be the key reaction pathways for C-C bond
breaking in ethanol18,19,21,42,44,54. For comparison we also mod-
eled C-H bond-breaking (e.g., ∗CHxCO −→ ∗CHx−1CO+∗H) and
C-O bond formation (∗CH3CO+ ∗OH −→ ∗CH3COOH). To cal-
culate the reaction free energies for C-C and C-H bond scission
reactions (e.g. ∗AB −→ ∗A+ ∗B)) in vacuum and implicit solva-
tion, we used this formula:

∆Grxn = G(∗A)+G(∗B)−G(∗AB)−G(∗). (4)

Here G(∗A) and G(∗B) are the free energies of species A and
species B adsorbed on the surface. G(∗AB) is the free energy of
species AB adsorbed on the surface, and G(∗) is the free energy
of the clean surface. As for explicit solvation, the reaction free
energies were calculated as follows33,77:

∆Gsol
rxn = G(∗(A+ solv))+G(∗(B+ solv)) (5)

−G(∗(AB+ solv))−G(∗solv).

To calculate the reaction free energies for C-O bond formation
reaction (e.g. ∗A+∗B−→ ∗AB) in vacuum and implicit solvation,
we used this formula:

∆Grxn = G(∗AB)+G(∗)−G(∗A)−G(∗B). (6)

As for explicit solvation, the reaction free energies were calcu-
lated as:

∆Gsol
rxn = G(∗(AB+ solv))+G(∗solv) (7)

−G(∗(A+ solv))−G(∗(B+ solv)).

Activation energies were calculated using the Brøn-
sted–Evans–Polanyi (BEP) correlations78–80, which relate
the activation energy of an elementary reaction step to the
corresponding reaction energy of that step. The accuracy and
utility of these correlations have been demonstrated in previous
work19,81–83. Ferrin et al. developed BEP correlations for C-C
and C-O scission in ethanol decomposition on ten transition metal
surfaces19. Wang et al.81,82 developed a linear scaling relation-
ship between dissociation energies and transition state energies
for C–C, C–O, C–N, N–O, N–N, O–O dissociation reactions and
(de)hydrogenation reactions over transition metals. Sutton et
al.83 also developed a BEP correlation for C-H, O-H, C-C, and
C-O bond-breaking on Pt(111) surfaces. Scaling relationships
have been utilized not only for metal surfaces in vacuum, but
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have also been demonstrated to be applicable for implicit,
explicit, and hybrid solvation models20,84,85. Regarding explicit
solvation, Zaffran et al.84 showed that BEP parameters for C-H
scission were very similar in vacuum and explicit environments.
In addition, Gomes et al.86 developed a BEP relationship with
implicit solvation for water dissociation reactions. They showed
that activation energy barriers are only slightly influenced by the
inclusion of the implicit solvent. As discussed in the Supporting
Information, we utilized the parameters of Wang et al.81,82 in this
work. This consistency in the BEP model (as opposed to using
different BEP models with different solvation environments)
allows us to directly assess the solvation approaches without
having to worry that any variations may be due to using different
BEP parameters. The BEP correlations were fitted to electronic
energies, rather than Gibbs free energies. Hence, for results
involving activation energies we utilized energies, rather than
free energies. The exception to this occurred when we used
implicit solvation, as discussed in the Supporting Information,
where more details on the activation energy calculations can be
found.

2.2 Solvation Models

Explicit solvation approaches add solvent molecules directly to
the simulation, while implicit solvation approaches use a contin-
uum to represent the solvent. We considered both approaches
in this work, as well as a hybrid solvation approach. For ex-
plicit solvation, we added extra solvent molecules (e.g., water or
ethanol) to the slab-adsorbate system. We considered one solvent
molecule (labeled the explicit method) or two solvent molecules
(labeled the explicit+ method). To quantify solvation effects, we
compared the adsorption free energies of each intermediate and
the reaction free energies of C-C and C-H bond breaking in vac-
uum, explicit solvent, implicit solvent, and hybrid solvent envi-
ronments. For implicit solvation modeling, we used the VASP-
sol code26. We used dielectric constants of 78.4 for water and
25.02 for ethanol, which are appropriate values near room tem-
perature.87,88 As for hybrid models, explicit solvent molecules
were added to the simulation while implicit solvation was also
applied. Figure S2 shows ethanol adsorbed in these various sol-
vent environments. Details on how we determined surface ge-
ometries using these different solvation models are further dis-
cussed in the Supporting Information. In this work we calculated
vibrational, rotational, and translational contributions to free en-
ergy, as discussed in the Supporting Information. The implicit
free energy also includes configurational entropy of the solvent
molecules, which is not present in our explicit calculations. It is
possible to obtain solvation configurational entropy with explicit
solvation, for instance by performing molecular dynamics simu-
lations32,36,89, but such calculations are beyond the scope of the
current work. Our explicit calculations do not include this config-
urational solvation energy term, while the implicit solvation cal-
culations do include the configurational entropy of the solvent.
However, the implicit solvation energies are small (an average of
-0.06 eV in water and -0.02 eV in ethanol), as Figure S9 shows.
Accordingly, the configurational entropy of the solvent molecules

present in implicit solvation is small. Therefore, even though we
neglect configurational entropy in our explicit solvation calcula-
tions, we are still able to compare the various solvation method
free energies. Other researchers85 have had a similar approach
to compare implicit and explicit solvation results.

2.3 Bond-Additivity Model

Besides implicit and explicit solvation methods, the bond-
additivity approach also can be used to estimate the adsorption
enthalpy at metal-aqueous interfaces. This approach was used by
Singh and Campbell58 to analyze the heat of adsorption of phe-
nol over Pt(111) in aqueous phase. Akinola et al.59 then utilized
the bond-additivity approach with DFT calculations to predict the
adsorption enthalpies of several organic species over Pt(111) and
Rh(111) in aqueous phase. They showed that implicit solvation
calculations overpredicted adsorption enthalpies compared with
experimental measurements, while the bond-additivity model
had much closer agreement with experimental values. Therefore,
the bond-additivity approach is a promising method to predict the
adsorption enthalpy at metal-aqueous interfaces. Further details
on how we implemented the bond-additivity approach are found
in the Supporting Information.

3 Results and Discussion
We calculated adsorption free energies of several adsorbates in
vacuum and various solvation environments. These solvation
models were used: implicit, explicit, and hybrid solvation mod-
els. Reaction free energies (∆Grxn) and activation energies (Ea)
for C-C and C-H bond breaking, and C-O bond formation were
also computed to compare in vacuum and solvents. Both water
and ethanol were studied as solvents. Finally, the bond-additivity
solvation approach was also applied to calculate the adsorption
enthalpies in water.

3.1 Effect of Water Solvation on Ethanol Oxidation

We applied implicit, explicit, and hybrid solvation models to the
modeling of adsorption and ethanol oxidation reaction steps in
water solvent. Calculated adsorption free energies are given
in Table S22. Adsorption solvation free energies represent the
energy differences for adsorption between vacuum and liquid
phases, and are shown in Figure 1. Figures 2 (C-C bond breaking)
and 3 (C-H bond breaking and C-O bond formation) present re-
action free energies and activation energies for various reactions.

We first examine our results using implicit water solvation,
which show that the implicit solvation model had only a small
effect calculated energies. As shown in Figure 1, the adsorption
solvation free energies using implicit solvation were small, and
ranged from -0.07 to 0.13 eV, with an average change of 0.03 eV
when compared to the vacuum phase. The adsorption solvation
energies for some of these species (CH3CH2OH, CH3CO, CH2CO,
CHCO, CH3, CH2, CH, CO, H) were reported to be in the range
of -0.04 to 0.10 eV in Iyemperumal et al.’s work30, similar to the
current work. For reactions involving C-C scission (Figure 2), the
reaction free energies and activation energies changed with an
average value of -0.05 eV relative to the vacuum, and the largest
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Fig. 1 Adsorption solvation free energies on Rh(111) of several species
relevant to ethanol oxidation. Water was the solvent for these calcula-
tions. Some adsorption solvation values are very small, and do not appear
as actual bars because of this (e.g. OH with hybrid solvation).

energy change was -0.08 eV. These results agree with previous
work reported in the literature20, were it was reported that reac-
tion energies became more exothermic using implicit water solva-
tion by -0.02 eV on average for the same select C-C bond scissions
that we modeled. For C-H bond scission, again reaction free en-
ergies with implicit solvation only changed slightly compared to
vacuum (Figure 3). As for C-O bond formation, reaction free en-
ergy changes were larger than C-H bond breaking with implicit
water solvation and increased by 0.08 eV compared to vacuum.
The activation energy was barely affected by implicit water sol-
vation and only increased by 0.01 eV. Finally, analysis indicates
that implicit solvation changed adsorbate geometries little when
compared to vacuum, as discussed further in the Supporting In-
formation, where we show the optimized geometries and provide
bond distances between atoms.

When using the explicit model with only one water molecule,
the adsorption of several species were stabilized compared to
the vacuum calculations. The average adsorption free energy
change was -0.03 eV compared to vacuum, with the largest en-
ergy change being -0.27 eV for the adsorption of CHCO. Hy-
drogen bonds formed between the adsorbates and explicit water
molecules, as the various Figures S10 to S24 show. The distances
between adsorbates and the metal surface changed with an av-
erage value of 0.03Å, while the minimal and maximum surface-
adsorbate distances changes were 0.00 and 0.18 Å. Upon hydro-
gen bond formation, the water molecules interacted with the ad-
sorbates strongly (average H-bond distance of 1.73 Å) or weakly
(average H-bond distance of 2.57 Å). Those adsorbates which
were not stabilized by explicit solvation did not form hydrogen
bonds with the water solvent molecule. Favorable intermolecu-
lar hydrogen bonding can lead to stronger adsorption of surface
species, as indicated in literature32–34,53,90 and our current work.
This hydrogen bonding is not described by implicit solvation. Ex-
plicit solvation also affected reaction free energies and activation
energies for C-C scission, as Figure 2 shows. The average re-
action and activation energy change relative to the vacuum was
only 0.03 and 0.02 eV, but for key species like CHxCO, the en-
ergy changes could be consequential. The activation energy of

Fig. 2 Reaction free energies and activation energies for C-C bond break-
ing in water over Rh(111) using various solvation models. Indicated are
reaction free energies and activation energies. Reactions involved: (1)
CH3CH2OH → CH3 + CH2OH; (2) CH3CH2O → CH3 + CH2O; (3)
CH2CH2O → CH2 + CH2O; (4) CH3CO → CH3 + CO; (5) CH2CO →
CH2 + CO; (6) CHCO → CH + CO.

CH3CO decreased by 0.10 eV, while the activation energies of
CH2CO and CHCO increased by 0.03 and 0.18 eV, respectively.
An activation energy decrease of 0.1 eV at 298 K could increase
the rate constant by ∼50, assuming an Arrhenius expression and
constant pre-exponential factors ( k2

k1
= exp(Ea1−Ea2

RT )). Therefore,
the activation energy decrease using explicit water solvent could
significantly promote the reaction rate. Explicit water solvation
also had an important impact on C-H scission, with the average
reaction free energy and activation energy change being -0.13
and -0.16 eV. C-O bond formation reaction was inhibited using
explicit water solvation with the reaction free energy and activa-
tion energies increased by 0.27 eV and 0.41 eV. This increase will
most certainly inhibit acetic acid formation.

When applying explicit+ solvation with two water solvent
molecules, adsorption free energies changed in the range of -
0.24 to 0.20 eV compared to vacuum adsorption free energies.
For some species (CH3CH2O, CH3, CH2, and CH) that were not
stabilized, only weak hydrogen bonds formed between adsorbate
and water solvent for CH2, as indicated by very long (∼2.5 Å)
hydrogen-adsorbent bond lengths; while no adsorbate-water H-
bonding formed for CH3CH2O, CH3, and CH species, which all
had adsorption free energy increases between only 0.03 to 0.14
eV. Species with significant hydrogen bond formation were stabi-
lized on the surface to a greater extent. For C-C cleavage, reaction
free energy and activation energy changes ranged from -0.08 to
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Fig. 3 Reaction free energies and activation energies for C-H bond
breaking and C-O bond formation in water over Rh(111) using various
solvation models. Indicated are reaction free energies and activation
energies. Reactions involved: (1) CH3CO → CH2CO + H; (2) CH2CO
→ CHCO + H; (3) CH3CO + OH → CH3COOH.

0.24 eV and from -0.15 to 0.19 eV, which as discussed above could
lead to significant changes in rate constants and rates. For exam-
ple, for scission of CHCO, the reaction free energy increased by as
large as 0.24 eV. Some energy changes were small, for example,
the reaction free energies of CH2CO only increased by 0.07 eV. As
for C-H cleavage, the average reaction free energy and activation
energy changes were -0.12 and -0.18 eV, again indicating that ex-
plicit+ solvation could have a notable affect on C-H scission. The
reaction free energies and activation energies of C-O bond forma-
tion increased by 0.19 and 0.36 eV using the explicit+ method
(similar to explicit solvation), which would inhibit acetic acid for-
mation and promote full oxidation.

Adsorption solvation free energies, as shown in Figure 1, var-
ied between -0.04 to 0.33 eV when using the hybrid model. The
average adsorption free energy change relative to vacuum was
0.12 eV. As a combination of the implicit and explicit method, the
hybrid method’s adsorption free energies were more endothermic
than both the implicit and explicit method for most of the adsor-
bates. The hybrid approach had minimal effect on adsorbates’
structures (bond lengths changed within 0.03 Å), while the dis-
tances between the adsorbates and metal surfaces were affected
slightly more (distances changed up to 0.18 Å), all discussed fur-
ther in the Supporting Information. Hydrogen bonding formed
between explicit water molecules and adsorbates (except for CH3,
CH, and H). As shown in Figure 2, the largest reaction free energy
change was 0.16 eV for the C-C bond scission of CHCO, while

the smallest change occurred with CH2CO by 0.00 eV. For C-H,
as indicated in Figure 3, both of the CH3CO and CH2CO bond
breaking reaction free energies decreased, and the average re-
action free energy and activation energy change were -0.10 and
-0.14 eV for C-H reactions. Overall, the hybrid method had an im-
portant impact on energies, similar to the explicit and explicit+
solvation methods. As for C-O formation, the reaction free energy
increased by 0.10 eV and the activation energy also increased by
0.15 eV, indicating that hybrid water solvation hindered forma-
tion of acetic acid.

3.2 Comparing Water Solvation Methods in Water

Figure 4 shows a summary comparing the various solvation meth-
ods, giving the calculated adsorption and reaction free energies
relative to vacuum. Upon applying a solvent, activation energy
changes were very similar to reaction free energy changes due to
the linear relationship between reaction and activation energies.
As indicated and already discussed, implicit solvation had small
affect on adsorption, reaction, and activation energies. There was
quite a spread in adsorption free energy changes when applying
explicit, explicit+, and hybrid solvation methods. The largest en-
ergy decrease in water for the adsorption free energies was -0.27
eV when using the explicit method, while the largest energy in-
crease was 0.33 eV using hybrid method. The largest range of
adsorption free energy changes (-0.24 to 0.20 eV) occurred when
using the explicit+ solvation method.

As for reaction free energies and activation energies, the ex-
plicit, explicit+, and hybrid approaches led to both significant
positive and negative energy changes. Of these three methods,
the hybrid method had the smallest impact on breaking C-C bonds
(maximum and minimum changes of -0.02 and 0.16 eV). The
largest energy decrease for the C-C bond scission reaction free
energies energies was -0.10 eV when using the explicit method,
while the largest energy increase was 0.24 eV using explicit+
method. Explicit method had the largest impact on C-H scission
of both CH3CO and CH2CO with the reaction free energies de-
creased by -0.10 and -0.15 eV. As for C-O bond formation, ex-
plicit water solvation had the largest impact, as the reaction free
energies and activation energies increased by 0.27 and 0.41 eV.
Overall, the explicit+ method had the largest effect on C-C bond
scission with the reaction free energy changes ranging from -0.08
to 0.24 eV, while explicit method had the largest impact on break-
ing C-H bond and forming C-O bond. We notice that applying
implicit solvation to vacuum had a smaller effect than applying
implicit to explicit (hybrid) solvation, as the differences between
explicit and hybrid results are more profound (Figure 4). When
implicit solvation is applied to vacuum calculations only the ad-
sorbate and surface interact with the solvent continuum. On the
other hand when implicit solvation is applied to explicit struc-
tures, then the surface, adsorbate, and solvent molecule all in-
teract with the solvent continuum. Thus larger interactions may
occur when an explicit solvent molecule is present, and hence the
greater effect of implicit solvation on explicit structures.
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Fig. 4 Box plots summarizing changes in (a) adsorption free energies, (b)
reaction free energies, and (c) activation energies for C-C bond scission
in water and ethanol liquid environments.

We must add one caveat regarding the effect of solvation. The
median energy changes (as shown in Figure 4) were all small
(less than ∼ 0.1 eV). Indeed changes for some reaction free en-
ergies when applying solvation were small, as Figure 2 shows,
e.g. C-C scission of CH2CO. Thus, solvation does not always lead
to large energy changes, and such changes are dependent on the
chemical species. Our conclusions regarding C-C scission agree
with work out of the Heyden group36. They showed that in im-
plicit and explicit (eSMS) water environments, reaction free en-
ergies for C-C scission of ethylene glycol only increased by 0.11
and 0.10 eV, and activation free energies increased by 0.11 and

0.21 eV, respectively. They have also shown23 that C-H bond
scission of ethylene glycol can be slightly promoted when using
explicit (eSMS) water solvation, where the reaction free energy
changed by -0.02±0.06 eV and activation free energy changed by
-0.16±0.05 eV. Changes in reaction energies may not always be
large under solvation.

3.3 Ethanol Oxidation in Ethanol Solvent
So far we have reported results where water was the solvent. We
next examine how different solvation methods treat another sol-
vent, namely ethanol. These calculations were motivated by re-
cent work which showed room-temperature oxidation to occur
in ethanol solvent25. The adsorption free energies when using
ethanol solvent are given in Table S39, while adsorption solvation
free energies are given in Figure 5. The reaction free energies are
shown in Figures 6 and 7.

Fig. 5 Adsorption solvation free energies on Rh(111) of several species
relevant to ethanol oxidation. Ethanol was the solvent for these calcula-
tions. Some implicit adsorption solvation values are very small, and do
not appear as actual bars because of this.

Similar to our results in water solvent, implicit solvation had
only a small impact on energies, while explicit and hybrid sol-
vation changes energies significantly. Figure 5 indicates that
changes in adsorption free energies using implicit solvation were
small. Figures 6 and 7 also indicate that the implicit approach
had minimal effect on the reaction free energies compared to
vacuum. When we applied explicit solvation the adsorption free
energies changed significantly. The average adsorption free en-
ergy change was -0.07 eV, and the largest change was -0.36 eV
for CH2. C-C scission reaction free energies also changed con-
siderably when applying explicit solvation, with changes ranging
from -0.51 to 0.29 eV. C-H scission reactions changed by 0.03
(CH3CO) and -0.23 (CH2CO) eV when applying explicit solva-
tion, while C-O bond formation reaction free energies increased
by 0.15 eV. Hybrid solvation also had several large changes in
adsorption free energy, with the largest energy decrease being -
0.27 eV for CH2 and the largest adsorption free energy increase
being 0.32 eV for CH3COOH. C-C scission reaction free energies
changes ranged from -0.43 to 0.36 eV with hybrid solvation, while
C-H scission reaction free energies changes were 0.06 (CH3CO)
and -0.20 (CH2CO) eV. As for C-O bond formation, reaction free
energy and activation energies both increased by 0.11 eV when
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Fig. 6 Reaction free energies and activation energies for C-C bond break-
ing in ethanol solvent using various solvation models. Indicated are re-
action free energies and activation energies. Reactions involved: (1)
CH3CH2OH → CH3 + CH2OH; (2) CH3CH2O → CH3 + CH2O; (3)
CH2CH2O → CH2 + CH2O; (4) CH3CO → CH3 + CO; (5) CH2CO →
CH2 + CO; (6) CHCO → CH + CO.

using hybrid ethanol solvation. Figure 4 presents a summary and
comparison of the different solvation method results with ethanol
solvent. Again, as shown, implicit solvation had little affect on
adsorption and reaction free energies, while explicit and hybrid
solvation significantly changed these energies for several species.

3.4 Comparing Water and Ethanol Solvents
Water is one of the most commonly used liquid in catalysis, while
other liquids may also be used for solvation. We have already
mentioned the effectiveness of ethanol solvent.25 As reported by
Fortunelli et al.91,92, tuning the dielectric constant of the sol-
vent can result in a faster oxygen reduction reaction. Heyden’s
group93 also studied the effect of solvent choice for hydrodeoxy-
genation processes over Pd, and found that solvent choice could
affect catalytic activity. In the current work, different solvents
(water and ethanol) were studied to simulate the liquid-metal in-
terface for select C-C and C-H bond scission as well as C-O bond
formation. Figure 4 compares calculated energies in both water
and ethanol environments. Using the implicit solvation method,
water and ethanol had a similar solvation effect on the adsorp-
tion free energies, which was small. Reaction free energy changes
were also small using implicit solvation in water and ethanol sol-
vents.

With explicit solvation, ethanol solvent overall had a larger im-
pact on calculated energies. As shown, explicit solvation with

Fig. 7 Reaction free energies and activation energies for C-H bond break-
ing and C-O bond formation in ethanol solvent using various solvation
models. Indicated are reaction free energies and activation energies. Re-
actions involved: (1) CH3CO → CH2CO + H; (2) CH2CO → CHCO +
H; (3) CH3CO + OH → CH3COOH.

ethanol solvent had a slightly larger range of adsorption free en-
ergy changes compared to water solvent. The range in reaction
free energy changes for C-C scission was significantly larger in
ethanol solvent compared to water solvent (-0.51 to 0.29 eV for
ethanol and -0.10 to 0.18 for water). Hybrid solvation exhib-
ited similar results, where ethanol solvent had a larger impact
than water solvent on free energies. Our results help explain why
ethanol has been observed to be an effective solvent for ethanol
oxidation25, because of the significant energy changes in ethanol
solvent. Our work also highlights the importance of assessing dif-
ferent solvents to control catalytic performance.

3.5 Effect of Solvation on C-C Scission
While ethanol oxidation may involve many different reactions,
C-C scission is the bottleneck for efficient complete oxidation
of ethanol. Previous research involving vacuum phase calcula-
tions18,21 has shown that breaking of CHCO had the lowest acti-
vation energy of various CHxCHyOHz reaction intermediates, and
is the preferred reaction pathway for complete ethanol oxidation
over the Rh(111) surface in vacuum. As we have shown, both wa-
ter and ethanol solvents can have considerable impact on ethanol
oxidation/decomposition, illustrating the importance of solvent
choice and model. Indeed, it has been shown94 that methanol
electro-oxidation has different reactivity when using a hybrid sol-
vation model compared to vacuum. To further investigate the
impact of solvation on reactions, we compared the activation en-
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ergies of C-C scission reactions in both liquid water and ethanol.
Figures 2 and 6 provide the activation energies, while Figure 8
ranks the various C-C breaking reactions according to activation
energy to identify preferred reaction pathways.

Fig. 8 Ranking of activation energies for C-C scission of different re-
actants using different solvation approaches. Numbers are activation
energies for C-C scission in eV for the given reactant. Results are shown
in (a) water solvent and (b) ethanol solvent.

In the vacuum phase, C-C bond breaking of CHCO had the low-
est activation energy (1.72 eV) among the modeled reactants.
Thus, the preferred pathway for C-C scission in vacuum should
involve CHCO instead of other reactants. This agrees with pre-
vious literature18,21. However we do note that CH2CH2O had
a very similar activation energy in vacuum (1.74 eV), so scis-
sion of this species is likely competitive with CHCO. Figure 8
shows that in water solvation, C-C scission via CHCO was still
the most preferred reaction pathway with the explicit solvation
method. However, the most favorable reaction pathway involved
CH2CH2O when using the implicit, hybrid, and explicit+ meth-
ods, with CHCO being the second most favorable reactant. How-
ever, for a chosen solvation approach the activation energies of
the first and second most favorable reactants were very similar
(0.02 to 0.13 eV difference). Thus the first and second most fa-
vorable reactants will compete for C-C scission, irregardless of
solvation approach. Even the third most favorable reactants had
similar activation activation energies compared to the most fa-
vorable reactant, only being more endothermic by 0.06 to 0.30
eV depending on the solvation method. Thus, in water solvent
the preferred pathway depends on the solvation approach, but
several competing pathways may occur.

As for ethanol solvation, Figure 8 shows that the preferred re-
actant for C-C scission can change dramatically depending on the
solvation method with ethanol solvent. For example, scission of
CH2CH2O was easiest using all solvation methods with ethanol,
and scission of CHCO became much harder using explicit and
hybrid solvation methods. This is in contrast to water solvent,
where CHCO had among the lowest activation energies. Also un-
like water solvent, in ethanol solvent using explicit and hybrid
solvation methods a clear distinction occurs (i.e. no close activa-
tion energies) so that competition between reactants diminishes.
For example, with explicit solvation CH2CH2O had the lowest C-C
scission activation energy, while CH3CH2OH (the second most fa-
vorable reactant) had an activation energy 0.56 eV higher. Similar
behavior occurs with hybrid solvation. Thus, with ethanol solvent
when explicit molecules are added, the most favorable pathway
for C-C scission becomes readily apparent, unlike with water sol-
vent where several reactants have similar activation energies.

Our results show that the preferred reaction pathway for C-C
scission depends on the solvation environment, such as choice
of solvent (water or ethanol) and solvation model. Indeed, the
preferred reactant for C-C scission changes drastically depend-
ing on the solvent. In vacuum a ’late’ reactant that has under-
gone many dehydrogenation steps (CHCO) has the lowest acti-
vation energy for C-C scission. However, in ethanol solvent (all
solvation models) and water solvent (implicit, hybrid, explicit+
solvation models) an ’early’ reactant involving only two dehy-
drogenation steps (CH2CH2O) had the lowest activation energy.
This has strong implications on the ethanol oxidation reaction, as
C-C scission of an ’early’ reactant involves fewer activated steps
and could increase the efficiency of complete oxidation. We note
that several reactants are competitive for C-C scission in water
due to close activation energies (CHCO, CH2CH2O). The situa-
tion changes in ethanol solvent. When using implicit solvation,
CHCO and CH2CH2O have close C-C scission activation barriers.
However, CH2CH2O is distinctly preferred (lowest activation bar-
rier by ∼ 0.5 eV) when using explicit and hybrid solvation ap-
proaches. Given these results, it would seem that a favored C-C
scission pathway is more clearly evident in ethanol solvent when
using more robust solvation methods.

3.6 Bond-Additivity Model

The bond-additivity model was used to predict heats of adsorp-
tion over Rh(111) surfaces by adding in corrections to DFT-
calculated enthalpies. As discussed in the Supporting Informa-
tion, calculating enthalpies involves more in-depth calculations,
such as vibrational frequencies. As such, calculating enthalpies
using DFT is not ’routine’ in the literature. Nevertheless, having
enthalpies can prove valuable for better understanding surface
processes. In this work, we calculated adsorption enthalpies for
intermediates in C-C and C-H bond scission reactions. The cal-
culated adsorption enthalpies in vacuum and liquid water phases
are listed in Table 1. The bond-additivity enthalpies were∼ 1.1 eV
on average more endothermic than the enthalpies from the other
solvation approaches. The smallest adsorption enthalpy increase
was 0.64 eV for CH (compared to implicit water solvation), while
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the largest enthalpy increase was 1.51 eV for CHCO (compared
to explicit+ water solvation). Therefore, when using the bond-
additivity method, adsorption became weaker on the metal sur-
face for all adsorbates. However, as shown in Figure 9, the trends
in adsorption enthalpies are consistent when using the various
solvation approaches. For instance, CH3CH2OH had the highest
adsorption enthalpy and CH had the lowest adsorption enthalpy
for all methods. Figure 9 indicates that while absolute adsorption
energies differ for each solvation approach, the relative ordering
of adsorption energies for the various species are similar for the
different solvation methods.

Table 1 Calculated adsorption enthalpies of species relevant to ethanol
oxidation. Results are in water solvent.

∆Hads (eV)
vacuum implicit explicit hybrid explicit+ bond-additivity

∗CH3CH2OH -0.36 -0.37 -0.40 -0.28 -0.61 0.62
∗CH3CH2O -2.21 -2.13 -2.15 -2.05 -2.19 -1.24
∗CH2CH2O -1.23 -1.16 -1.55 -1.29 -1.40 -0.21
∗CH2OH -2.05 -2.06 -2.21 -2.06 -2.24 -1.20
∗CH2O -0.86 -0.74 -0.99 -0.78 -1.06 0.17
∗CH3CO -2.37 -2.32 -2.55 -2.36 -2.50 -1.36
∗CH2CO -1.41 -1.38 -1.73 -1.51 -1.72 -0.35
∗CHCO -3.40 -3.41 -3.87 -3.67 -3.90 -2.38
∗CH3 -1.84 -1.89 -1.81 -1.80 -1.79 -0.75
∗CH2 -4.12 -4.13 -4.18 -4.15 -4.16 -3.13
∗CH -6.69 -6.64 -6.75 -6.68 -6.74 -5.99
∗CO -1.93 -2.00 -2.26 -2.17 -2.25 -0.83
∗H -2.56 -2.58 -2.76 -2.77 -2.73 -1.47

Fig. 9 Adsorption adsorption enthalpies on Rh(111) of several species
relevant to ethanol oxidation. Water was the solvent for these calcula-
tions

To assess the effect of the bond-additivity approach and its
corrections on reactions, we estimated the changes in the heats
of reaction from the adsorption enthalpy changes. For surface
bond breaking reactions like AB∗−→ A∗+B∗, the heat of reaction
can be calculated as ∆Hrxn−sur f =H(A∗)+H(B∗)−H(AB∗)−H(∗).
The heat of reaction can also be broken into contributing compo-

nents:

∆Hrxn−sur f = ∆∆Hads +∆Hrxn− f ree−species. (8)

∆∆Hads = ∆Hads(∗A)+∆Hads(∗B)−∆Hads(∗AB). (9)

∆Hads(∗X) = H(∗X)−H(∗)−H(X f ree) (10)

∆Hrxn− f ree−species = H(A f ree)+H(B f ree)−H(AB f ree). (11)

∆Hads(∗X) is the adsorption enthalpy of species X (A, B or AB).
∆Hrxn− f ree−species is the reaction heat of the isolated molecules,
while H(A f ree), H(B f ree), and H(AB f ree) are the enthalpies of the
free molecules. For the the vacuum, explicit and explicit+ sol-
vation methods, the enthalpies of free molecules were just gas-
phase values. For the implicit and hybrid solvation methods, the
enthalpies of free molecules were calculated from lone molecules
under implicit solvation. We used gas-phase calculations to ob-
tain ∆Hrxn− f ree−species with the bond-additivity method, consis-
tent with how we calculated adsorption enthalpies with the bond-
additivity method. We note that we calculated the differences in
energies for gas-phase molecules and molecules with implicit sol-
vation to be only 0.10 eV on average (Table S41). We also note
that more exact enthalpies of free molecules may be obtained by
considering such molecules in a proper solvent (e.g. surrounded
by several solvent molecules), but such calculations are time-
intensive and do not change the general trends of our reaction
analysis. In these equations, ∆∆Hads represents the adsorption
enthalpy difference between reactants and products. Thus, the
surface reaction enthalpy has two contributions: adsorbate en-
thalpy difference and the free reaction enthalpy. The main effect
of the bond-additivity method is to provide refinement of the heat
of adsorption values, or ∆∆Hads in Equation (8).

Figure 10 shows the calculated ∆∆Hads values for C-C scission
reactions using the various water solvation methods. ∆∆Hads val-
ues for C-C scission using the bond-additivity method were more
endothermic by an average of about 1.1 eV compared to the other
solvation values. Furthermore, ∆∆Hads values for C-H scission
using the bond-additivity method were more endothermic by an
average of about 1.3 eV compared to the other solvation values.
Accordingly, the ∆Hrxn−sur f values of C-C bond scission using the
bond-additivity method are also ∼1.1 eV more endothermic com-
pared to the other solvation approaches. This reflects the fact that
∆∆Hads values is a component of ∆Hrxn−sur f , as Equation 8 shows.
The bond-additivity approach better considers the water solvent,
and should give more realistic adsorption and reaction enthalpies.
Such enthalpies are more endothermic than other calculated en-
thalpies. However, the trends in reactivity are largely the same
for all the solvation methods. For instance, the lowest reaction
enthalpy occurs for the scission of CHCO using all of the solvation
approaches. Thus, trends and details on reaction behavior can be
obtained using methods other than the bond-additivity approach,
even if the absolute energies from such solvation methods may
not fully agree with experimental data like the bond-additivity
method does.
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Fig. 10 Calculated (a) ∆∆Hads and (b) ∆Hrxn−sur f values for several reac-
tions involving C-C scission. The reactions are as follows: (1) CH3CH2OH
→ CH3 + CH2OH; (2) CH3CH2O → CH3 + CH2O; (3) CH2CH2O →
CH2 + CH2O; (4) CH3CO → CH3 + CO; (5) CH2CO → CH2 + CO; (6)
CHCO → CH + CO.

4 Conclusions
In this study, we addressed how different solvation methods can
be used to calculate adsorption free energies and model C-C/C-H
bond scission and C-O bond formation over Rh(111), all which
may occur during ethanol oxidation/decomposition. The impact
of implicit, explicit, and hybrid solvation models with water and
ethanol as solvents was investigated. We found that implicit sol-
vation had limited effect on adsorption and reaction free energies.
The explicit and hybrid models changed reaction and activation
energies (compared to vacuum) for some reactants significantly.
These changes were more pronounced with ethanol solvent than
with water solvent. We also addressed the effect of the number
of solvent molecules with explicit solvation, and found that when
using one or two water molecules, the energies were often similar.

In water and ethanol environments, the preferred reaction
pathway for C-C scission (the bottleneck of complete ethanol
oxidation) depended on the solvation approach. With water
solvent, several reactants had similar activation energies, while
with ethanol solvent the relative differences in activation energies
were larger. We used a bond-additivity model to predict heats of
adsorption that should in principle agree better with experimen-
tal enthalpies. Using this bond-additivity method we found that
predicted heats of adsorption and reaction enthalpies were more
endothermic compared to vacuum, implicit, explicit, and hybrid
water solvation results. The bond-additivity enthalpies were∼1.1

eV more endothermic compared to other solvation methods for
nearly all the reactants/reactions, and the trends using the dif-
ferent solvation models were consistent with the bond-additivity
results. In conclusion, we have evaluated how different solva-
tion models affect the energetics of important steps in ethanol
oxidation/decomposition, and we also showed how two differ-
ent solvents (ethanol and water) can lead to different reactivity.
This has strong implications on catalytic reactions when a liquid
solvent is present. Our work also emphasizes the need to bet-
ter understand and model solid-liquid interfaces in order to more
accurately predict reaction mechanisms.
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