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1 Further Information on the Density Functional The-

ory Simulations

We used projector augmented wave (PAW) pseudopotentials1,2 to represent core electrons.

We calculated adsorption energies using Rh pseudopotentials with either 9 or 15 valence

electrons, as found in Table S1. These results confirm that 9 valence electrons are sufficient

for modeling surface chemistry over Rh (111).

Table S1: Comparison of adsorption energies using different pseudopotentials for Rh. We
compared pseudopotentials with 9 valence electrons and 15 valence electrons.

∆Eads (eV)
Rh - 9 e− Rh - 15 e−

*CH3 -1.81 -1.79
*CH2 -4.13 -4.12
*CH -6.67 -6.68
*CO -1.93 -1.93

Figure S1 shows the slab model we used in the current work. To find stable configurations

of the adsorbed species in vacuum, we modeled several different geometries for every adsorbed

species. Adsorbates were initially placed above the surface with atoms of the adsorbates
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Figure S1: The slab model used in the work to represent the Rh (111) surface. The slab was
a (3x3) slab with four layers, the bottom two layers being frozen.

at different fcc, hcp, top and bridge sites on the Rh(111) surface. These structures were

then allowed to relax. The adsorption of larger molecules (e.g. CH3CH2OH, CH3CH2O,

CH2CH2O, CH3CO, CH2CO, CHCO, CH3COOH) can involve multiple interactions with the

surface. For example, *CHCO can have both of the C atoms interacting with Rh atoms on

the surface. After geometry optimization, we took the structure with the lowest energy as

the most stable configuration.

The most stable geometries from vacuum calculations were used as the starting point for

explicit solvation calculations, as shown in Figure S2. We then added one solvent molecule to

interact with the surface species in what we call the explicit model, while the explicit+ model

contained two solvent molecules. We took the most stable explicit solvent configurations

and then applied implicit solvation for these hybrid calculations. Figure S2 shows ethanol

adsorbed in these various solvent environments. For the explicit solvation calculations, four

different initial geometries were simulated for each adsorbate. For adsorbates that have both

O and H atoms (like ethanol, CH3CH2O, CH2CH2O, CH2OH, CH2O, CHxCO, OH) , two

initial geometries had the H atom of the solvent molecule initially placed to interact with

the O atom of the adsorbate, as shown in Figure S3. In one of these two cases, the solvent

molecule also interacted with the metal surface, while in the other case the solvent molecule
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Figure S2: Geometries of ethanol adsorbed on the Rh(111) surface in (a) vacuum, (b) implicit
water, (c) explicit water, (d) hybrid water, and (e) explicit+ water.

interacted weakly with the surface due to a long solvent-metal distance. For the other two

initial geometries, the O atom of the solvent atom was initially arranged to interact with

different H atoms of the adsorbate. Figure S3 shows an example of the initial structures of

adsorbed ethanol in explicit water solvation.
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Figure S3: Initial geometries of ethanol adsorbed on the Rh(111) surface in explicit water
solvation. (a) and (b) show the first two initial structures with solvent interacting with O in
adsorbate; (c) and (d) show the other two initial structures with solvent interacting with H
in adsorbate.

For smaller adsorbates that only had either O or H atoms (e.g., CHx, CO, and H), four

different initial geometries were also considered to find the most stable adsorption structures.

The first two initial geometries involved hydrogen bonding, while the second two cases did

not. For the first two geometries of CHx (Figure S4), the solvent molecules were initially

placed to interact with CHx via the adsorbate’s H atom, forming hydrogen bonds with the

solvent. As for CO (Figure S5), the solvent molecules were initially placed to interact with

the O atom in CO, forming hydrogen bonds in the first two geometries. For the first two

initial structures involving CHx and CO adsorbates, as with larger adsorbates, we considered

initial geometries where the solvent molecule interacted with the adsorbate, but could be

placed to either be bound to the surface or had weak interaction with the Rh surface (i.e.

placed far above the surface). The solvent molecules interacted with the C atoms through

C-H and C-O bonding for the other two cases involving CHx and CO adsorbates. With

adsorbed H (Figure S6), the most stable optimized geometry in vacuum was chosen as the

starting point (with a H atom placed at a fcc site). For the first three initial geometries
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the solvent molecules were initially placed at different adsorption sites on the metal surface

(hcp, atop, bridge) to interact with the adsorbed H and form a hydrogen bond, while the

solvent was placed to weakly interact with the surface for the fourth initial geometries.

The configuration with the lowest energy among the four optimized geometries for a given

adsorbate was considered the most stable structure for each explicit solvation/adsorbate

system.

Figure S4: Initial geometries of CH adsorbed on the Rh(111) surface in explicit water sol-
vation. (a) and (b) show the first two initial structures with solvent interacting with H in
adsorbate; (c) and (d) show the other two initial structures with solvent forming O-C and
H-C interactions.
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Figure S5: Initial geometries of CO adsorbed on the Rh(111) surface in explicit water sol-
vation. (a) and (b) show the first two initial structures with solvent interacting with O in
adsorbate; (c) and (d) show the other two initial structures with solvent forming C-O and
C-H interactions.

Figure S6: Initial geometries of H adsorbed on the Rh(111) surface in explicit water solvation.
(a), (b) and (c) show the first three initial structures with solvent adsorbed at different sites
on surface; (d) shows the initial structure with solvent had no surface interaction.

Different initial structures were modeled for *solv with solvent molecules adsorbed at

different sites. For the explicit method, the solvent molecule was modeled at fcc, hcp,
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atop, and bridge sites on the Rh(111) surface, and the one that had the lowest energy after

geometry optimization was chosen as the most stable structure for the *solv configuration.

For explicit+ solvation, the most stable structure of the solvent from the explicit method

was chosen as the starting point and the second solvent molecule was modeled to interact

with the first solvent molecule in different initial geometries. Two initial geometries had the

H atom of the solvent molecule initially placed to interact with the O atom of the adsorbate.

In one of these two cases, the solvent molecule also interacted with the metal surface, while

in the other case the solvent molecule interacted only with the adsorbate molecule. For the

other two initial geometries, the O atom of the solvent atom was initially arranged to interact

with different H atoms of the adsorbate. The optimized geometries of *solv for water and

ethanol are shown in Figure S7. A similar structure for two water molecules over Rh(111)

was found by other DFT papers.3–6

Figure S7: Optimized geometries of *solv on the Rh(111) surface for explicit and explicit+
solvation methods. For explicit: (a) water, (b) ethanol; for explicit+: (c) water-water.
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2 Validating Our Calculations in Vacuum

One of the first steps of our work was to run calculations in vacuum to compare with lit-

erature and validate our approach. Several initial geometries were considered, and after

geometry optimization the structures with the lowest energies were considered as the prefer-

able configurations. Adsorption energies of reactants and intermediates involved in C-C and

C-H bond scission and C-O bond formation relevant to ethanol oxidation were calculated

over the Rh(111) surface and are listed in Table S2. Figure S8 shows geometries of ad-

sorbed species on the Rh(111) surface in vacuum. The geometries of adsorbed CH3CH2OH,

CH2OH, CH3CO and CH3COOH on the Rh(111) surface occupied atop sites, and CH2OH

and CH3CO formed bridge structures with a C and O atom bonding to the metal atoms.

CH3CH2O, CH2CO, CO, H and OH adsorbed at fcc sites on the metal surface while CH3,

CH2, and CH occupied the hcp sites. CH2CH2O, CH2O and CHCO adsorbed at the bridge

sites and CHCO formed a bridge structure with both the C atoms bonding to the metal

atoms. Reaction energies are listed in Table S3, which shows consistent agreement with

literature values. Thus, both the adsorption and reaction energy results agree well with

literature values7–14 and demonstrate that our approach is acceptable.
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Table S2: Comparison of our calculated adsorption energies of surface species on Rh(111) in
vacuum with literature values.

∆Eads (eV)
This work Literature values

*CH3CH2OH -0.35 -0.46;9 -0.51;8 -0.287

*CH3CH2O -2.30 -2.308

*CH2CH2O -1.18 -1.298

*CH2OH -2.08 -1.74;7 -2.2712

*CH2O -0.85 -0.68;7 -1.0712

*CH3CO -2.38 -2.417

*CH2CO -1.40 -1.418

*CHCO -3.39 -3.328

*CH3 -1.81 -1.90;7 -1.97;8 -1.32;10

*CH2 -4.13 -4.14;7 -4.158

*CH -6.78 -6.62;7 -6.558

*CO -1.92 -1.93;8 -2.04;10 -1.777

*H -2.78 -2.79;8 -2.79;10 -2.74;7 2.7911

*OH -3.06 -3.1913

Table S3: Comparison of our calculated reaction energies on Rh(111) in vacuum with liter-
ature values.

∆Erxn (eV)
this work literature value

*CH3CH2OH + * → *CH3 + *CH2OH 0.50 0.7114

*CH3CH2O + * → *CH3 + *CH2O 0.46 0.5514

*CH2CH2O + * → *CH2 + *CH2O 0.03 0.3414

*CH3CO + * → *CH3 + *CO -0.26 -0.0314

*CH2CO + * → *CH2 + *CO -0.60 -0.33;8 -0.1814

*CHCO + * → *CH + *CO -0.98 -0.74;8 -0.6614

*CH3CO + * → *CH2CO + *H 0.20 0.1714

*CH2CO + * → *CHCO + *H -0.13 0.07;14 -0.058

*CH3CO + *OH → *CH3COOH + * -0.20 -0.2713
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Figure S8: Geometries of ethanol components adsorbed on Rh(111) surfaces in the vacuum
phase: (a)ethanol (b)CH3CH2O (c)CH2CH2O (d)CH2OH (e)CH2O (f)CH3CO (g)CH2CO
(h)CHCO (i)CH3 (j)CH2 (k)CH (l)CO (m)H (n)CH3COOH (o)OH

S10



3 Comparison of Activation Energies using BEP Scal-

ing Relationships

BEP correlations can estimate activation energies of dissociation based on the reaction en-

ergies through the following formulas (either in vacuum or implicit solvation):

∆Ediss = E(∗A) + E(∗B)− 2E(∗)− E(AB(gas)). (S1)

ETS = γ∆Ediss + ξ. (S2)

Ea = ETS −∆Eads(AB). (S3)

Bond formation (i.e. C-O formation) is the opposite of bond breaking, and by calculating

transition states of C-O breaking we are able to determine activation energies of the reverse

process, or CO bond formation. We estimated activation energies of C-O bond formation

based on C-O bond cleavage using the following formulas.

Ea(C −Oformation) = ETS −∆Ediss. (S4)

With explicit solvent, we have the following:15,16

Esol
a = Evac

a + (∆Esol
rxn −∆Evac

rxn). (S5)

In the above equations, ∆Ediss is the dissociation energy and ETS is the transition state

energy. The variables ∆ and ξ are fitted parameters.

We calculated the activation energies using the scaling relationship parameters from both

Wang et al.’s17,18 and Schweitzer et al.’s19 work (Table S4). The calculated activation ener-

gies for C-C bond cleavage using these two different sets of parameters were similar, but the

activation energies for C-H bond scission with Wang’s parameters were closer to the values

in previous work.8,14 We note that these results used electronic reaction energies, rather
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than free energies. However, in the case of implicit solvation, VASPsol reports solvation

free energies in addition to electronic energies. These solvation free energies were small, as

Figure S9 shows. Such solvation energies are defined as the difference in implicit and vac-

uum calculation energies.The average solvation energy was -0.06 eV in water and -0.02 eV

in ethanol. Similar to previous work,19 we assumed Gsol ∼ Esol. Furthermore, this previous

work also used BEP relations with implicit solvation energies. This may introduce an error

in the calculations, but since solvation energies using implicit solvation were so small, the

error is minimal. Thus, with implicit solvation we used the electronic and solvation free

energies when calculating activation energies with BEP relations.

Figure S9: Calculated solvation free energies of select adsorbed molecules using implicit
solvation in water or ethanol solvents. Results are obtained as the difference in energies
between vacuum and implicit calculations.

Our calculated activation energies for CH3CO and CH2CO dehydrogenation in the vac-

uum were 1.18 and 0.88 eV using Wang’s parameters, and 0.39 and 0.29 eV using Schweitzer’s

parameters. In previous literature involving transition state calculations, the activation en-

ergies for C-H scission in CH3CO and CH2CO were reported to be 1.47 and 0.83 eV,14 while
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another paper8 reported a C-H scission activation energy for CH2CO to be 0.66 eV. We

therefore decided to use the γ and ξ parameters from Wang et al.’s work.17,18

Table S4: Our calculated activation energies (using two different correlations17–19) for C-C
and C-H bond scission reactions on Rh(111) in vacuum. Also shown are literature values for
comparison.

Eact (eV)
Wang et al.17,18 Schweitzer et al.19 Literature values

*CH3CH2OH + * → *CH3 + *CH2OH 2.02 1.91 2.97;14 3.208

*CH3CH2O + * → *CH3 + *CH2O 2.52 2.33 2.98;142.938

*CH2CH2O + * → *CH2 + *CH2O 1.74 1.74 1.57;14 1.018

*CH3CO + * → *CH3 + *CO 2.22 1.78 1.6114

*CH2CO + * → *CH2 + *CO 2.89 1.30 1.17;8 1.5414

*CHCO + * → *CH + *CO 1.72 1.46 0.65;8 0.6914

*CH3CO + * → *CH2CO + *H 1.19 0.40 1.4714

*CH2CO + * → *CHCO + *H 0.88 0.30 0.83;14 0.668

4 Details on the Bond-Additivity Method

We followed previous work20,21 to predict the aqueous-phase adsorption enthalpies on Rh(111)

surfaces at 298.15 K and 1 atm:

∆H◦
ads,aq,A/surface = ∆H◦

ads,vac,A/surface

−n(∆H◦
ads,vac,water/surface + ∆H◦

vap) + 1/2∆HSolv,A + γwater(liq)σA. (S6)

In the above equation, ∆H◦
ads,aq,A/surface is the adsorption enthalpy of species A adsorbed

onto a Rh(111) surface in the presence of aqueous phase at standard conditions (298.15

K and 1 atm). ∆H◦
ads,vac,A/surface is the adsorption enthalpy of species A adsorbed onto

Rh(111) surface in vacuum, and ∆H◦
ads,vac,water/surface is the adsorption enthalpy of a water

molecule in vacuum. Both these values are derived from DFT calculations. The number

of water molecules displaced upon adsorption of A is represented by n. The value n is

calculated as saturation coverage of water
saturation coverage of the adsorbates

. The saturation coverage of water on Pt(111)

surface was reported to be 0.72 ML.22 Since the saturation coverage is not known for water on
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the Rh(111) surface, as indicated in Akinola et al.’s work,20 we assumed that the saturation

water coverage on Rh(111) was the same for Pt(111), similar to Akinola et al. The value of n

we used corresponded to an adsorbate coverage of 1/9 ML, based on the size of our simulation

cell with one adsorbate. Le et al.23 found that water molecules form approximately three

hydrogen bonds at the solid/liquid interface. Thus, the adsorption enthalpy of water can be

calculated as the adsorption enthalpy of a single adsorbed water molecule plus the energetic

contribution from three hydrogen bonds. The energy of a hydrogen bond was reported to

be -7 kJ/mol.20 Discussion on how to get enthalpy from DFT energy calculations is found

in the Supporting Information. ∆H◦
vap is the vaporization enthalpy for water (41 kJ/mol),24

γ represents the surface energy of liquid water (0.073 J/m2), while σA is the surface area of

the adsorbate molecule A (0.56 nm2 for 1/9 ML coverage on Rh(111)).20,21,25 ∆HSolv,A is the

solvation enthalpy of species A in water, and were calculated using explicit solvation.

The enthalpies of adsorption were calculated following Akinola et al.20 The adsorption

enthalpies of gas-phase species were calculated using ideal-gas statistic mechanics. A sum-

mary of such an approach can be found in previous literature.20,26,27 For gas phase molecules,

the enthalpies were calculated with the following equation at 298.15 K, using DFT electronic

energies (E). Zero point energies (EZPE) and the integral of the heat capacity with 298.15 K

at constant pressure (1 atm) were also calculated. For a molecule in the gas-phase we have

the following:

H(T ) = E + EZPE +

∫ T

0

CpdT. (S7)

Cp = kB + Cv,trans + Cv,rot + Cv,vib + Cv,elec. (S8)

Here the first two terms of Equation S7 are the DFT electronic energy and the zero-point

energy. The integral is over the constant-pressure heat capacity. The zero-point energies were

calculated as
∑

1
2
hωi, in which h is Planck’s constant and ωi is the vibrational frequency
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calculated using finite differences. In Equation S8, the constant-pressure heat capacity is

separable into translational, rotational, vibrational, and electronic parts, along with a kB

term for the conversion from constant-volume to constant-pressure. The translational heat

capacity is 3/2 kB for a 3-dimensional gas. The rotational heat capacity is 0 for a monatomic

species, kB for a linear molecule, and 3/2 kB for a nonlinear molecule. The electronic

component of the heat capacity is assumed to be 0. With regards to the vibrational heat

capacity, there are 3N-6 degrees of freedom for nonlinear molecules and 3N-5 degrees of

freedom for linear molecules (where N is the number of atoms). The vibrational contribution

to the enthalpy is calculated from this integral:

∫ T

0

Cv,vibdT =
vibDOF∑

i

εi
eεi/kBT − 1

, (S9)

where εi represents the energy due to the vibrational mode ωi.

For the adsorbed species, enthalpies of adsorbed molecules were calculated with the har-

monic limit approximation.28 The internal energy and enthalpy are related by H(T) = U(T)

+ PV. A pressure of 1 atm was used in all cases. The PV term is typically small for solids at

this pressure and is assumed to be negligible.29–31 Therefore, enthalpies of adsorbed species

were approximately equal to the calculated internal energies at finite temperature. For a

strongly bound adsorbate, the rotational and translational degrees of freedom are lost,27

and only vibrational energies are relevant for adsorbed species. We therefore ignored trans-

lational or rotational energy contributions. For the systems involving the surface, we used

all calculated vibrational modes of the system, whether the bare surface, adsorbate+surface,

solvent+surface, or adsorbate+solvent+surface. This gives the following for the enthalpy of

adsorbed species A (or bare surface or surface with adsorbate and solvent).

H(T ) ≈ U(T ) = E + EZPE +
vibrations∑

i

εi
eεi/kBT − 1

. (S10)
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Therefore, the enthalpy of adsorption in vacuum at 298.15 K can be calculated as:

∆H◦
ads,vac,A/surface = Hvac,A/surface −Hvac,A −Hvac,surface. (S11)

Here Hvac,A is calculated with Equation S7, Hvac,A/surface and Hvac,surface are calculated with

Equation S10.

5 Calculating Gibbs free energies

Gibbs free energies were calculated following previous literature.20,26–28 Enthalpies and en-

tropies were both calculated using ideal-gas statistical mechanics for gas phase molecules and

the harmonic limit approximation for adsorbed species according to the following formula:

G(T, P ) = H(T )− TS(T, P ). (S12)

Here, enthalpies H(T ) were calculated as discussed in Section 4, while entropies were calcu-

lated as discussed below

The entropies of gas-phase molecules were calculated as the following.

S(T, P ) = Strans + Srot + Svib + Selec − kBln
P

P o
. (S13)

Strans = kB[ln[(
2πMkBT

h2
)
3
2
kBT

P o
] +

5

2
]. (S14)

Here, M is the molecule weight, and P o is the standard pressure (1 atm).

Srot,linear = R[ln(
8π2IkBT

σh2
) + 1]. (S15)

Srot,non−linear = R[ln[(

√
πIAIBIC
σ

)(
8π2kBT

h2
)3/2] +

3

2
]. (S16)
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Ii are the moments of inertia of the molecules, and σ is the symmetry number.

Svib = kB

vibDOF∑
i

[
εi

kBT (eεi/kBT − 1)
− ln(1− e−εi/kBT )]. (S17)

Selec = kBln[2× (total spin) + 1]. (S18)

where total spin is the spin multiplicity of molecules. ( 1
2

for doublet, 1 for triplet, etc.)

For a strongly bound adsorbate, the rotational and translational entropic contributions

are less relevant,27 and vibrations are the dominant contributor to entropy. Entropies of

adsorbed molecules were calculated with the harmonic approximation according to following

formula:26,32

S(T, P ) = kB

vibrations∑
i

[
εi

kBT (eεi/kBT − 1)
− ln(1− e−εi/kBT )]. (S19)

Similar to the enthalpy calculations, we used all calculated vibrational modes for calculating

entropies of the surface, adsorbate+surface, solvent+surface, and adsorbate+solvent+surface

systems.

6 Validation of Bond-Additivity Results

We sought to validate our approach to calculating explicit solvation enthalpies by comparing

solvation enthalpies of free species (not adsorbed) to experimental data. We used the implicit,

explicit and hybrid methods to calculate the solvation enthalpies of free species in water.

When using the implicit method, the species were modeled with VASPsol and a dielectric

constant of 78.4. The solvation enthalpy ∆HSolv,A of molecule A was calculated using the
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following:

∆HSolv,A = Hsol
A(gas) −Hvac

A(gas). (S20)

When using the explicit method, solvation enthalpy ∆HSolv,A was calculated as:

∆HSolv,A = HA+H2O(gas) −HA(gas) −HH2O(gas). (S21)

The enthalpies of the gas phase molecules were calculated with the ideal-gas assumptions

discussed in the previous section. In this equation, ∆HSolv,A is the solvation enthalpy for

species A in water. HA−H2O,gas is the enthalpy of a molecule A/water complex. HA(gas)

and HH2O(gas) are the enthalpies for molecules A and H2O in the gas phase. As for hybrid

models, explicit water molecules were added to the simulation while implicit solvation was

also applied. Optimized explicit solvent configurations were chsoen as the starting point

and then applied implicit solvation for these hybrid calculations. Solvation enthalpies of

17 different molecules in water were calculated to validate our approach. The results were

compared with solvation energies obtained by applying the van’t Hoff equation using Henry’s

law constants from Sander’s work:33

dlnKH

d( 1
T

)
=
−∆Hsolv

R
. (S22)

Table S5 shows our calculated solvation energies compared to experimentally-derived sol-

vation enthalpies. Table S6 also provides solvation enthalpies, ∆HSolv,A, of species relevant

to C-C and C-H reactions we studied. Compared to experimentally-derived solvation en-

thalpies, the calculated solvation enthalpies using the implicit method were 0.21 eV larger

on average, and the average calculated solvation enthalpies using the explicit and hybrid

methods were 0.05 and 0.09 eV larger than the experimental-derived solvation enthalpies,

respectively. Thus, using the explicit method to predict select species’ adsorption enthalpies
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showed more consistent results to the experimental values than using implicit and hybrid

methods, and we chose to use the explicit method for the solvation enthalpies of species

in our ethanol C-C and C-H bond cleavage reactions. Table S5 also shows that using the

explicit method, for smaller molecules (like O2, CO, CO2, etc.), our results match very well

with the experimental results, and the enthalpy differences are within 0.1 eV. For larger

molecules, like ethanol or methanol, the enthalpy differences may be slightly larger (0.1 to

0.2 eV), but our results still match reasonably well with experiment. The average difference

between our calculated solvation energies and the experimentally-derived solvation energies

was 0.05 eV, and the maximum energy difference was 0.2 eV. Overall, the agreement between

theory (explicit solvation) and experiment is quite good.

Table S5: Comparison of calculated solvation enthalpies for free species compared to exper-
imental solvation enthalpies. Values are in eV.

Implicit Explicit Hybrid van’t Hoff equation
N2 0.02 -0.08 -0.11 -0.11
NO 0.03 -0.12 -0.13 -0.14
NO2 -0.02 -0.15 -0.12 -0.21
NH3 -0.19 -0.40 -0.34 -0.32
O2 0.11 -0.12 -0.11 -0.13
CO -0.01 -0.12 -0.11 -0.12
CO2 -0.07 -0.14 -0.12 -0.21
CH4 0.02 -0.12 -0.10 -0.15
C2H2 -0.13 -0.22 -0.16 -0.16
HCl -0.12 -0.33 -0.41 -0.19

H2O2 -0.28 -0.40 -0.39 -0.60
CH3OH -0.19 -0.31 -0.25 -0.47

CH3CH2OH -0.19 -0.34 -0.23 -0.53
HCOOH -0.31 -0.46 -0.37 -0.51

CH3COOH -0.29 -0.44 -0.35 -0.54
Phenol -0.23 -0.38 -0.33 -0.51

Cyclohexanol -0.15 -0.56 -0.45 -0.67
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Table S6: Calculated solvation enthalpies for ethanol component species involved in C-C
and C-H scission using explicit solvation.

∆HSolv,A (eV)
CH3CH2OH -0.34
CH3CH2O -0.37
CH2CH2O -0.26

CH2OH -0.60
CH2O -0.23

CH3CO -0.27
CH2CO -0.19
CHCO -0.28
CH3 -0.13
CH2 -0.32
CH -0.92
CO -0.12
H -0.11

We also compared our bond-additivity enthalpies with literature values. Our enthalpy

changes upon applying the bond-additivity method are consistent with previous work. In

Akinola et al.’s work,20 they calculated adsorption enthalpies for organics (benzaldehyde,

benzyl alcohol, cyclohexanol, furfural, and phenol) on the (111), (110), and (100) surfaces

of Pt and Rh. They predicted adsorption enthalpies using the bond-additivity model in the

aqueous phase to be more endothermic than gas phase results by an average value of 2.07

eV, with the smallest and largest enthalpy increases being 0.81 and 3.44 eV. Comparing im-

plicit solvation and bond-additivity methods, their adsorption enthalpies also increased using

the bond-additivity method by 2.24 eV on average, and the smallest and largest enthalpy

changes were 1.07 and 3.51 eV, respectively. They showed that using implicit solvation model

could lead to far more exothermic adsorption enthalpies than experimental adsorption mea-

surements, while the bond-additivity model gave results closer to experiment. In our case,

using the bond-additivity method also led to far more endothermic values for adsorption

enthalpies compared to vacuum and implicit solvation, in agreement with Akinola et al.’s

work. Furthermore, We calculated the bond-additivity adsorption enthalpy for adsorbed CO

over Rh(111) to be -1.17 eV. He et al. reported the heat of adsorption of CO to range from
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around -1.65 to 0.21 eV over Rh catalysts.34 The adsorption energy of CO on Rh(111) was

reported to range from around -1.65 to -0.6 eV, as a function of CO coverage.35 At lower

CO coverage the CO adsorption energy was reported to range from -1.39 to -0.78 eV also

over Rh(111).36 Our calculated value is consistent with these range of experimental values

reported in the literature, again validating our results using the bond-additivity method.

7 Optimized Geometries in Water Solvent

Geometries of the various adsorbed species, both in a vacuum and using different solvent

models, are given in Figures S10 to S24. The optimized structures of the reaction intermedi-

ates in implicit water solvent are very close to vacuum structures. In Tables S7 to S21, the

bond lengths within adsorbates and between the adsorbates and metal surfaces are given.

As indicated, the bond lengths within adsorbate molecules only changed by up to 0.01 Å

for all the adsorbed species when using implicit water solvation compared to vacuum. The

maximum and minimum bond length changes when using implicit solvation were 0.01 and

0.00 Å, respectively, with an average change of 0.00 Å. Moreover, the largest change with

implicit solvation in the distance between the adsorbate and metal surface was 0.08 Å while

the smallest distance change was 0.00 Å. The average change in distance between adsorbate

molecules and the surface was 0.01 Å.

The most stable geometries with explicit solvation have the hydrogen atoms of the water

solvent molecules interacting with O atoms of the adsorbates, forming a hydrogen bond.

When using the explicit solvation model, the maximum and minimum bond length changes

(compared to vacuum) within the adsorbed species were 0.03 and 0.00 Å, respectively, and

the average bond distance change was only 0.01 Å with a standard deviation of 0.01 Å.

As for the distances between adsorbates and the metal surface, the distances changed only

with an average value of 0.03Å, while the minimal and maximum surface-adsorbate distances

changes were 0.00 and 0.18 Å. When using the explicit+ model, the bond length changes
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within the adsorbates were in the range of 0.00 to 0.05 Å. The average length change was

0.01 Å with a standard deviation of 0.01 Å. The largest change in distance between the

adsorbates and surfaces with explicit solvation was 0.17 Å, while the smallest change was 0

Å. The average distance change was 0.03 Å with a standard deviation of 0.04 Å. Thus, the

adsorbates’ structures were not affected considerably by explicit water molecules, while the

distances between the adsorbates and metal surfaces were affected only slightly more.

Upon hydrogen bond formation, with explicit water solvation models, the water molecules

interacted weakly with the CH3CH2OH, CH3CH2O, CH2O, CH2, and CH3COOH adsorbates

with an average H-bond distance of 2.57 Å. Stronger H-bonds formed for species CH2CH2O,

CH2OH, CH3CO, CH2CO, CHCO, CO, and OH with an average hydrogen bond distance

of 1.73 Å. However, the water molecules did not interact with the CH3, CH, and H species,

and the distances between these adsorbates and the water molecules was greater than 3 Å.

When using the explicit+ models, both of the two water molecules were bound to the

adsorbates for some species: CH2CH2O, CH2OH, CH2O, CH2CO, and CO. For CH3CH2OH,

CH3CO, CHCO, CH2, CH3COOH and OH species, only one water molecule bound to the

adsorbate, while the other water molecule bound to the first water molecule. We optimized

structures for ethanol, CH3CO, CHCO, CH2, CH3COOH and OH where two water molecules

interacted with the adsorbates, but they converged to the structures with only one water

molecule interacting with the adsorbate. However, for CH3CH2O, CH3, CH and H species,

neither of the two water molecules interacted with the adsorbates. The distances between

water and adsorbate were beyond 3 Å in these cases. The average hydrogen bond distance

between the water and all adsorbates was 1.83 Å, while the average length of the hydrogen

bonds between the water molecules was 1.69 Å.

When applying the hybrid model, the largest bond length change of the adsorbed species

was 0.03 Å, while the smallest change was 0.00 Å. The average bond length change was 0.01 Å

with a standard deviation of 0.01 Å. The distance change between the adsorbates and metal

surfaces was in a range of 0.00 to 0.18 Å with an average value of 0.02 Å. Thus, like the explicit
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and explicit+ models, the hybrid approach had minimal effect on adsorbates’ structures,

while the distance between the adsorbates and metal surfaces was affected slightly more. As

for hydrogen bonding, the water molecules interacted strongly with species like CH2CH2O,

CH2OH, CH3CO, CH2CO, CHCO and OH with an average hydrogen bond distance of 1.71

Å. On the other hand weaker hydrogen bonds were formed with ethanol, CH3CH2O, CH2O,

CH2, CO and CH3COOH species with an average length of 2.57 Å. However, for CH3, CH,

and H, the distances between the solvent molecules and adsorbates were beyond 3 Å.

Figure S10: Optimized ethanol structures adsorbed on Rh(111) in (a)vacuum. Also given
are structures using (b)implicit, (c)explicit, (d)hybrid, and (e)explicit+ water solvation ap-
proaches.
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Table S7: Bond lengths of optimized ethanol adsorbed on Rh(111) in various water solvation
environments.

Bond Length (Å)
vacuum implicit explicit hybrid explicit+

C1-O 1.46 1.47 1.46 1.46 1.45
C1-C2 1.51 1.51 1.51 1.51 1.52
C-H 1.10 1.10 1.10 1.10 1.10
O-H 0.98 0.98 0.99 0.98 0.99
O-Rh 2.31 2.23 2.42 2.3 -

H bond(water-ads) - - 2.86 2.75 1.7
H bond(water-water) - - - - 1.59

Figure S11: Optimized CH3CH2O structures adsorbed on Rh(111) in (a)vacuum. Also
given are structures using (b)implicit, (c)explicit, (d)hybrid, and (e)explicit+ water solvation
approaches.
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Table S8: Bond lengths of optimized structures of CH3CH2O adsorbed on Rh(111) in various
water solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid explicit+

C1-O 1.44 1.45 1.44 1.45 1.44
C1-C2 1.51 1.51 1.52 1.51 1.52
C-H 1.10 1.10 1.10 1.10 1.10

O-Rh 2.17 2.16 2.16 2.14 2.24
H bond(water-ads) - - 2.73 2.87 -

H bond(water-water) - - - - 1.68

Figure S12: Optimized CH2CH2O structures adsorbed on Rh(111) in (a)vacuum. Also
given are structures using (b)implicit, (c)explicit, (d)hybrid, and (e)explicit+ water solvation
approaches.
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Table S9: Bond lengths of optimized structures of CH2CH2O adsorbed on Rh(111) in various
water solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid explicit+

C1-O 1.45 1.45 1.45 1.45 1.43
C1-C2 1.52 1.52 1.51 1.51 1.52
C-H 1.10 1.10 1.10 1.10 1.10

O-Rh1 2.13 2.13 2.28 2.24 -
O-Rh2 2.11 2.11 2.16 2.14 2.11
C2-Rh 2.11 2.10 2.10 2.10 2.11

H bond(water-ads) - - 1.48 1.51 1.52;1.70

Figure S13: Optimized CH2OH structures adsorbed on Rh(111) in (a)vacuum. Also given
are structures using (b)implicit, (c)explicit, (d)hybrid, and (e)explicit+ water solvation ap-
proaches.
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Table S10: Bond lengths of optimized structures of CH2OH adsorbed on Rh(111) in various
water solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid explicit+

C-O 1.46 1.45 1.47 1.47 1.46
C-H 1.10 1.10 1.10 1.10 1.10
C-Rh 2.07 2.07 2.06 2.06 2.07
O-H 0.99 0.98 0.99 0.98 1.02

H bond(water-ads) - - 1.95 1.85 1.84;1.65

Figure S14: Optimized CH2O structures adsorbed on Rh(111) in (a)vacuum. Also given
are structures using (b)implicit, (c)explicit, (d)hybrid, and (e)explicit+ water solvation ap-
proaches.

Table S11: Bond lengths of optimized structures of CH2O adsorbed on Rh(111) in various
water solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid explicit+

C-O 1.38 1.39 1.39 1.39 1.38
C-H 1.10 1.10 1.10 1.10 1.11

O-Rh1 2.17 2.17 2.17 2.18 2.13
O-Rh2 2.17 2.17 2.23 2.18 -
C-Rh 2.08 2.08 2.08 2.08 2.17

H bond(water-ads) - - 2.51 2.99 1.91;1.62
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Figure S15: Optimized CH3CO structures adsorbed on Rh(111) in (a)vacuum. Also given
are structures using (b)implicit, (c)explicit, (d)hybrid, and (e)explicit+ water solvation ap-
proaches.

Table S12: Bond lengths of optimized structures of CH3CO adsorbed on Rh(111) in various
water solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid explicit+

C1-O 1.26 1.27 1.28 1.28 1.28
C1-C2 1.50 1.50 1.51 1.50 1.50
C-H 1.10 1.10 1.10 1.10 1.10

O-Rh 2.16 2.15 2.20 2.18 2.19
C1-Rh 1.96 1.96 1.94 1.95 1.95

H bond(water-ads) - - 1.88 1.95 1.94
H bond(water-water) - - - - 1.76
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Figure S16: Optimized CH2CO structures adsorbed on Rh(111) in (a)vacuum. Also given
are structures using (b)implicit, (c)explicit, (d)hybrid, and (e)explicit+ water solvation ap-
proaches.

Table S13: Bond lengths of optimized structures of CH2CO adsorbed on Rh(111) in various
water solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid explicit+

C1-O 1.29 1.29 1.32 1.31 1.34
C1-C2 1.44 1.44 1.43 1.43 1.43
C-H 1.10 1.10 1.10 1.10 1.10

O-Rh 2.11 2.12 2.16 2.15 2.21
C1-Rh1 2.49 2.49 2.53 2.52 2.57
C1-Rh2 2.28 2.28 2.23 2.23 2.22
C1-Rh3 2.05 2.05 2.05 2.05 2.04
C2-Rh 2.17 2.17 2.18 2.17 2.18

H bond(water-ads) - - 1.66 1.72 1.72;1.74
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Figure S17: Optimized CHCO structures adsorbed on Rh(111) in (a)vacuum. Also given
are structures using (b)implicit, (c)explicit, (d)hybrid, and (e)explicit+ water solvation ap-
proaches.

Table S14: Bond lengths of optimized structures of CHCO adsorbed on Rh(111) in various
water solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid explicit+

C1-O 1.21 1.21 1.24 1.24 1.25
C1-C2 1.44 1.44 1.44 1.44 1.44
C-H 1.10 1.10 1.10 1.10 1.10

C1-Rh 2.05 2.05 2.01 2.01 2.00
C2-Rh 2.06 2.06 2.06 2.05 2.06

H bond(water-ads) - - 1.62 1.66 1.52
H bond(water-water) - - - - 1.75
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Figure S18: Optimized CH3 structures adsorbed on Rh(111) in (a)vacuum. Also given
are structures using (b)implicit, (c)explicit, (d)hybrid, and (e)explicit+ water solvation ap-
proaches.

Table S15: Bond lengths of optimized structures of CH3 adsorbed on Rh(111) in various
water solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid explicit+

C-H 1.12 1.13 1.10 1.10 1.10
C-Rh1 2.26 2.25 2.08 2.08 2.09
C-Rh2 2.26 2.25 - - -
C-Rh3 2.27 2.25 - - -

H bond(water-water) - - - - 1.68
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Figure S19: Optimized CH2 structures adsorbed on Rh(111) in (a)vacuum. Also given
are structures using (b)implicit, (c)explicit, (d)hybrid, and (e)explicit+ water solvation ap-
proaches.

Table S16: Bond lengths of optimized structures of CH2 adsorbed on Rh(111) in various
water solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid explicit+

C-H 1.10 1.10 1.10 1.10 1.10
C-Rh1 2.03 2.03 2.04 2.04 2.04
C-Rh2 2.03 2.03 2.04 2.04 2.04
C-Rh3 2.16 2.15 2.16 2.15 2.15

H bond(water-ads) - - 2.66 2.59 2.58
H bond(water-water) - - - - 1.70
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Figure S20: Optimized CH structures adsorbed on Rh(111) in (a)vacuum. Also given
are structures using (b)implicit, (c)explicit, (d)hybrid, and (e)explicit+ water solvation ap-
proaches.

Table S17: Bond lengths of optimized structures of CH adsorbed on Rh(111) in various water
solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid explicit+

C-H 1.10 1.10 1.10 1.10 1.10
C-Rh1 1.98 1.98 1.99 1.99 1.99
C-Rh2 1.98 1.98 1.99 1.99 1.99
C-Rh3 1.98 1.98 1.98 1.98 1.98

H bond(water-water) - - - - 1.68
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Figure S21: Optimized CO structures adsorbed on Rh(111) in (a)vacuum. Also given
are structures using (b)implicit, (c)explicit, (d)hybrid, and (e)explicit+ water solvation ap-
proaches.

Table S18: Bond lengths of optimized structures of CO adsorbed on Rh(111) in various
water solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid explicit+

C-O 1.20 1.20 1.22 1.22 1.23
C-Rh1 2.10 2.10 2.08 2.08 2.08
C-Rh2 2.10 2.10 2.08 2.08 2.08
C-Rh3 2.10 2.10 2.08 2.08 2.05

H bond(water-ads) - - 1.91 2.05 2.35;1.97
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Figure S22: Optimized H structures adsorbed on Rh(111) in (a)vacuum. Also given are struc-
tures using (b)implicit, (c)explicit, (d)hybrid, and (e)explicit+ water solvation approaches.

Table S19: Bond lengths of optimized structures of H adsorbed on Rh(111) in various water
solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid explicit+

H-Rh1 1.86 1.86 1.86 1.86 1.85
H-Rh2 1.86 1.86 1.86 1.85 1.87
H-Rh3 1.86 1.86 1.87 1.86 1.85

H bond(water-water) - - - - 1.68

S35



Figure S23: Optimized CH3COOH structures adsorbed on Rh(111) in (a)vacuum. Also
given are structures using (b)implicit, (c)explicit, (d)hybrid, and (e)explicit+ water solvation
approaches.

Table S20: Bond lengths of optimized structures of CH3COOH adsorbed on Rh(111) in
various water solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid explicit+

C1-O1 1.25 1.25 1.24 1.25 1.25
C1-O2 1.32 1.32 1.33 1.33 1.32
O2-H 1.02 1.02 1.04 1.04 1.04
C-H 1.10 1.09 1.09 1.09 1.10

C1-C2 1.50 1.49 1.50 1.49 1.50
O1-Rh 2.17 2.15 2.22 2.18 2.29

H bond(water-ads) - - 2.1 2.14 1.84
H bond(water-water) - - - - 1.69
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Figure S24: Optimized OH structures adsorbed on Rh(111) in (a)vacuum. Also given
are structures using (b)implicit, (c)explicit, (d)hybrid, and (e)explicit+ water solvation ap-
proaches.

Table S21: Bond lengths of optimized structures of OH adsorbed on Rh(111) in various
water solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid explicit+

O-H1 0.97 0.98 0.98 0.98 0.98
O-Rh1 2.16 2.14 2.19 2.17 2.12
O-Rh2 2.17 2.14 2.19 2.17 -
O-Rh3 2.17 2.14 - - -

H bond(water-ads) - - 1.60 1.59 1.54;1.58

8 Summary of Water Solvation Energies

All the adsorption and reaction free energies for the various water solvation results are given

in Tables S22 and S23.
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Table S22: Adsorption free energies on Rh(111) in water solvent of species relevant to ethanol
oxidation. Results are shown in vacuum and with various solvation models.

∆Gads (eV)
vacuum implicit explicit hybrid explicit+

∗CH3CH2OH 0.12 0.12 0.20 0.31 -0.01
∗CH3CH2O -1.61 -1.53 -1.47 -1.37 -1.41
∗CH2CH2O -0.67 -0.60 -0.80 -0.53 -0.57
∗CH2OH -1.44 -1.45 -1.45 -1.30 -1.46
∗CH2O -0.29 -0.17 -0.30 -0.09 -0.30
∗CH3CO -1.79 -1.74 -1.83 -1.64 -1.72
∗CH2CO -0.79 -0.76 -0.92 -0.71 -0.86
∗CHCO -2.91 -2.84 -3.18 -2.90 -3.15
∗CH3 -1.33 -1.38 -1.29 -1.27 -1.20
∗CH2 -3.60 -3.62 -3.58 -3.55 -3.51
∗CH -6.17 -6.12 -6.12 -6.05 -6.08
∗CO -1.45 -1.52 -1.57 -1.49 -1.54
∗H -0.39 -0.39 -0.40 -0.39 -0.35

∗CH3COOH -0.03 0.10 0.04 0.31 0.02
∗OH -2.57 -2.56 -2.74 -2.48 -2.78

Table S23: Reaction free energies on Rh(111) in water solvent of species relevant to ethanol
oxidation. Results are shown in vacuum and with various solvation models.

∆Grxn (eV)
vacuum implicit explicit hybrid explicit+

*CH3CH2OH + * → *CH3 + *CH2OH 0.38 0.30 0.33 0.36 0.61
*CH3CH2O + * → *CH3 + *CH2O 0.28 0.24 0.18 0.28 0.20
*CH2CH2O + * → *CH2 + *CH2O -0.13 -0.18 0.01 -0.09 -0.15

*CH3CO + * → *CH3 + *CO -0.43 -0.49 -0.47 -0.45 -0.47
*CH2CO + * → *CH2 + *CO -0.80 -0.86 -0.78 -0.81 -0.74
*CHCO + * → *CH + *CO -1.06 -1.05 -0.88 -0.90 -0.82

*CH3CO + * → *CH2CO + *H 0.10 0.11 0.00 0.06 0.00
*CH2CO + * → *CHCO + *H -0.35 -0.39 -0.50 -0.50 -0.48

*CH3CO + *OH → *CH3COOH + * -0.13 -0.06 0.13 -0.04 0.06

9 Optimized Geometries in Ethanol Solvent

Similar to water solvation, we modeled several initial geometries in order to identify the most

stable structure. For the explicit solvation method, an ethanol solvent molecule was placed in

several different initial geometries for each select adsorbate, and the optimized structure with

the lowest energy was considered the most stable structure. When using hybrid solvation (a
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combination of the implicit and explicit methods), the optimized structures from the explicit

methods were chosen as initial geometries, and we then applied ethanol implicit solvation.

Figures S25 to S39 and Tables S24 to S38 show the optimized geometries of adsorbed ethanol

oxidation components in ethanol solvent, and the bond lengths of adsorbates.

The implicit solvation method had minimal impact on the adsorbates geometries, as

indicated in the appropriate Tables and Figures. The average bond length change using

implicit ethanol solvation compared to vacuum was 0.00 Å with a maximum change of 0.01 Å.

The maximum and minimum distance changes between the adsorbates and surfaces were 0.06

and 0.00 Å, respectively. With explicit solvation the maximum bond length change within

adsorbed species was 0.03 Å, while the average change was 0.01 Å with a standard deviation

of 0.01 Å. However, the distance between species and surface changed anywhere from 0.00 to

0.98 Å, with an average change of 0.06 Å. Hybrid solvation led to very similar geometries as

explicit solvation; the maximum adsorbate bond length change within adsorbate molecules

was 0.04 Å with an average change of 0.01 Å. Moreover, the largest distance change between

the species and surface was 0.92 Å, while the average change was 0.06 Å with a standard

deviation of 0.16 Å. Intermolecular hydrogen bonds also formed between the adsorbates

and the ethanol solvent molecules when using the explicit and hybrid ethanol solvation

approaches. When using both solvation models, strong hydrogen bonds formed between

ethanol and several adsorbate species (CH3CH2OH, CH3CH2O, CH2CH2O, CH2OH, CH2O,

CH3CO, CH2CO, CHCO, CO, and OH), with an average hydrogen bond length of 1.66 Å.

Weaker hydrogen bonds also formed between the ethanol O atom and the H atom of some

species (CH3, CH2, CH, and CH3COOH), with an average hydrogen bond length of 2.46 Å.

For adsorbed H, the distance between the H atom and ethanol molecule was beyond 3 Å.
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Figure S25: Optimized ethanol structures adsorbed on Rh(111) in (a)vacuum. Also given
are structures using (b)implicit, (c)explicit, and (d)hybrid ethanol solvation approaches.

Table S24: Bond lengths of optimized structures of ethanol adsorbed on Rh(111) in various
ethanol solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid

C1-O 1.46 1.47 1.45 1.45
C1-C2 1.51 1.51 1.51 1.51
C-H 1.10 1.10 1.10 1.10
O-H 0.98 0.98 0.99 0.99
O-Rh 2.31 2.25 3.29 3.23

H bond(ethanol-ads) - - 1.68 1.64

Figure S26: Optimized CH3CH2O structures adsorbed on Rh(111) in (a)vacuum. Also given
are structures using (b)implicit, (c)explicit, and (d)hybrid ethanol solvation approaches.

Table S25: Bond lengths of optimized structures of CH3CH2O adsorbed on Rh(111) in
various ethanol solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid

C1-O 1.44 1.45 1.42 1.42
C1-C2 1.51 1.51 1.52 1.52
C-H 1.10 1.10 1.10 1.10

O-Rh 2.17 2.16 2.05 2.04
H bond(ethanol-ads) - - 1.41 1.42
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Figure S27: Optimized CH2CH2O structures adsorbed on Rh(111) in (a)vacuum. Also given
are structures using (b)implicit, (c)explicit, and (d)hybrid ethanol solvation approaches.

Table S26: Bond lengths of optimized structures of CH2CH2O adsorbed on Rh(111) in
various ethanol solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid

C1-O 1.45 1.45 1.42 1.41
C1-C2 1.52 1.52 1.51 1.51
C-H 1.10 1.10 1.10 1.10

O-Rh1 2.13 2.12 2.08 2.07
O-Rh2 2.11 2.11 - -
C2-Rh 2.11 2.10 2.10 2.10

H bond(ethanol-ads) - - 1.44 1.49

Figure S28: Optimized CH2OH structures adsorbed on Rh(111) in (a)vacuum. Also given
are structures using (b)implicit, (c)explicit, and (d)hybrid ethanol solvation approaches.

Table S27: Bond lengths of optimized structures of CH2OH adsorbed on Rh(111) in various
ethanol solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid

C-O 1.46 1.45 1.44 1.44
C-H 1.10 1.10 1.10 1.10
C-Rh 2.07 2.07 2.08 2.08
O-H 0.99 0.98 1.02 1.03

H bond(ethanol-ads) - - 1.60 1.57
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Figure S29: Optimized CH2O structures adsorbed on Rh(111) in (a)vacuum. Also given are
structures using (b)implicit, (c)explicit, and (d)hybrid ethanol solvation approaches.

Table S28: Bond lengths of optimized structures of CH2O adsorbed on Rh(111) in various
ethanol solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid

C-O 1.38 1.39 1.40 1.40
C-H 1.10 1.10 1.10 1.10

O-Rh1 2.17 2.17 2.21 2.20
O-Rh2 2.17 2.17 2.23 2.22
C-Rh 2.08 2.08 2.07 2.07

H bond(ethanol-ads) - - 1.65 1.66

Figure S30: Optimized CH3CO structures adsorbed on Rh(111) in (a)vacuum. Also given
are structures using (b)implicit, (c)explicit, and (d)hybrid ethanol solvation approaches.

Table S29: Bond lengths of optimized structures of CH3CO adsorbed on Rh(111) in various
ethanol solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid

C1-O 1.26 1.26 1.28 1.28
C1-C2 1.50 1.50 1.51 1.50
C-H 1.10 1.10 1.10 1.10

O-Rh 2.16 2.15 2.21 2.19
C1-Rh 1.96 1.96 1.94 1.94

H bond(ethanol-ads) - - 1.81 1.83
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Figure S31: Optimized CH2CO structures adsorbed on Rh(111) in (a)vacuum. Also given
are structures using (b)implicit, (c)explicit, and (d)hybrid ethanol solvation approaches.

Table S30: Bond lengths of optimized structures of CH2CO adsorbed on Rh(111) in various
ethanol solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid

C1-O 1.29 1.29 1.31 1.31
C1-C2 1.44 1.44 1.44 1.44
C-H 1.10 1.10 1.10 1.10

O-Rh 2.11 2.12 2.13 2.13
C1-Rh1 2.49 2.49 2.48 2.48
C1-Rh2 2.28 2.28 2.28 2.28
C1-Rh3 2.05 2.05 2.06 2.06
C2-Rh 2.17 2.17 - -

H bond(ethanol-ads) - - 1.84 1.87

Figure S32: Optimized CH2CO structures adsorbed on Rh(111) in (a)vacuum. Also given
are structures using (b)implicit, (c)explicit, and (d)hybrid ethanol solvation approaches.
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Table S31: Bond lengths of optimized structures of CHCO adsorbed on Rh(111) in various
ethanol solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid

C1-O 1.21 1.22 1.24 1.24
C1-C2 1.44 1.44 1.44 1.44
C-H 1.10 1.10 1.10 1.10

C1-Rh 2.05 2.04 2.02 2.01
C2-Rh 2.06 2.05 2.05 -

H bond(ethanol-ads) - - 1.65 1.65

Figure S33: Optimized CH3 structures adsorbed on Rh(111) in (a)vacuum. Also given are
structures using (b)implicit, (c)explicit, and (d)hybrid ethanol solvation approaches.

Table S32: Bond lengths of optimized structures of CH3 adsorbed on Rh(111) in various
ethanol solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid

C-H 1.12 1.12 1.12 1.12
C-Rh1 2.26 2.25 2.27 2.26
C-Rh2 2.26 2.25 - -
C-Rh3 2.27 2.25 - -

H bond(ethanol-ads) - - 2.78 2.81

Figure S34: Optimized CH2 structures adsorbed on Rh(111) in (a)vacuum. Also given are
structures using (b)implicit, (c)explicit, and (d)hybrid ethanol solvation approaches.
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Table S33: Bond lengths of optimized structures of CH2 adsorbed on Rh(111) in various
ethanol solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid

C-H 1.10 1.10 1.10 1.10
C-Rh1 2.03 2.03 1.99 1.99
C-Rh2 2.03 2.03 1.99 1.98
C-Rh3 2.16 2.15 1.97 1.97

H bond(ethanol-ads) - - 2.46 2.66

Figure S35: Optimized CH structures adsorbed on Rh(111) in (a)vacuum. Also given are
structures using (b)implicit, (c)explicit, and (d)hybrid ethanol solvation approaches.

Table S34: Bond lengths of optimized structures of CH adsorbed on Rh(111) in various
ethanol solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid

C-H 1.10 1.10 1.10 1.10
C-Rh1 1.98 1.98 1.98 1.98
C-Rh2 1.98 1.98 1.98 1.98
C-Rh3 1.98 1.98 1.98 1.98

H bond(ethanol-ads) - - 2.41 2.44

Figure S36: Optimized CO structures adsorbed on Rh(111) in (a)vacuum. Also given are
structures using (b)implicit, (c)explicit, and (d)hybrid ethanol solvation approaches.
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Table S35: Bond lengths of optimized structures of CO adsorbed on Rh(111) in various
ethanol solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid

C-O 1.20 1.20 1.22 1.22
C-Rh1 2.10 2.10 2.08 2.07
C-Rh2 2.10 2.10 2.08 2.07
C-Rh3 2.10 2.10 2.08 2.07

H bond(ethanol-ads) - - 1.89 1.93

Figure S37: Optimized H structures adsorbed on Rh(111) in (a)vacuum. Also given are
structures using (b)implicit, (c)explicit, and (d)hybrid ethanol solvation approaches.

Table S36: Bond lengths of optimized structures of H adsorbed on Rh(111) in various ethanol
solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid

H-Rh1 1.86 1.86 1.86 1.86
H-Rh2 1.86 1.86 1.86 1.86
H-Rh3 1.86 1.86 1.86 1.86

Figure S38: Optimized CH3COOH structures adsorbed on Rh(111) in (a)vacuum. Also given
are structures using (b)implicit, (c)explicit, and (d)hybrid ethanol solvation approaches.
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Table S37: Bond lengths of optimized structures of CH3COOH adsorbed on Rh(111) in
various ethanol solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid

C1-O1 1.25 1.25 1.25 1.25
C1-O2 1.32 1.32 1.33 1.33
O2-H 1.02 1.02 1.03 1.03
C-H 1.1 1.09 1.09 1.09

C1-C2 1.5 1.49 1.5 1.49
O1-Rh 2.17 2.15 2.18 2.15

H bond(ethanol-ads) - - 2.07 2.02

Figure S39: Optimized OH structures adsorbed on Rh(111) in (a)vacuum. Also given are
structures using (b)implicit, (c)explicit, and (d)hybrid ethanol solvation approaches.

Table S38: Bond lengths of optimized structures of OH adsorbed on Rh(111) in various
ethanol solvation environments.

Bond Length (Å)
vacuum implicit explicit hybrid

O-H1 0.97 0.98 0.98 0.98
O-Rh1 2.16 2.14 2.20 2.18
O-Rh2 2.17 2.15 2.19 2.18
O-Rh3 2.17 2.15 - -

H bond(ethanol-ads) - - 1.56 1.55

10 Summary of Ethanol Solvent Energies

All the adsorption and reaction energies for the various ethanol solvent results are given in

Tables S39 and S40.
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Table S39: Adsorption free energies on Rh(111) in ethanol solvent of species relevant to
ethanol oxidation. Results are shown in vacuum and with various solvation models.

∆Gads (eV)
vacuum implicit explicit hybrid

∗CH3CH2OH 0.12 0.13 -0.03 0.14
∗CH3CH2O -1.61 -1.55 -1.69 -1.52
∗CH2CH2O -0.67 -0.62 -0.79 -0.64
∗CH2OH -1.44 -1.44 -1.62 -1.42
∗CH2O -0.29 -0.20 -0.37 -0.19
∗CH3CO -1.79 -1.76 -1.71 -1.60
∗CH2CO -0.79 -0.78 -0.78 -0.67
∗CHCO -2.91 -2.85 -3.23 -3.01
∗CH3 -1.33 -1.38 -1.22 -1.23
∗CH2 -3.60 -3.62 -3.96 -3.87
∗CH -6.17 -6.14 -6.06 -5.92
∗CO -1.45 -1.51 -1.59 -1.54
∗H -0.39 -0.39 -0.28 -0.29

∗CH3COOH -0.03 0.06 0.08 0.29
∗OH -2.57 -2.56 -2.70 -2.55

Table S40: Reaction free energies on Rh(111) in ethanol solvent of species relevant to ethanol
oxidation. Results are shown in vacuum and with various solvation models.

∆Grxn (eV)
vacuum implicit explicit hybrid

*CH3CH2OH + * → *CH3 + *CH2OH 0.38 0.32 0.46 0.47
*CH3CH2O + * → *CH3 + *CH2O 0.28 0.25 0.40 0.38
*CH2CH2O + * → *CH2 + *CH2O -0.13 -0.17 -0.44 -0.38

*CH3CO + * → *CH3 + *CO -0.43 -0.48 -0.56 -0.51
*CH2CO + * → *CH2 + *CO -0.80 -0.85 -1.31 -1.23
*CHCO + * → *CH + *CO -1.06 -1.06 -0.77 -0.70

*CH3CO + * → *CH2CO + *H 0.10 0.10 0.13 0.16
*CH2CO + * → *CHCO + *H -0.35 -0.39 -0.57 -0.55

*CH3CO + *OH → *CH3COOH + * -0.13 -0.08 0.02 -0.03

S48



11 Further Details on Adsorption and Reaction En-

thalpies

When calculating ∆Hrxn−free−species with vacuum, explicit and explicit+ solvation methods

we used gas-phase (vacuum) enthalpies of lone molecules. When calculating ∆Hrxn−free−species

with implicit and hybrid solvation methods, the enthalpies of free molecules were calculated

from lone molecules under implicit solvation. Table S41 shows that enthalpies of vacuum

and implicitly-solvated molecules were very similar. The average difference was only 0.11

eV. Tables S42 and S43 provide ∆∆Hads and ∆Hrxn−surf values for reactions using each of

the solvation methods.

Table S41: Calculated enthalpies of isolated molecules in vacuum or implicit solvation.

Hfree−species (eV)
vacuum implicit

CH3CH2OH -44.46 -44.65
CH3CH2O -39.17 -39.32
CH2CH2O -36.29 -36.41

CH2OH -23.40 -23.60
CH2O -21.18 -21.35

CH3CO -32.64 -32.77
CH2CO -29.84 -29.94
CHCO -24.39 -24.49
CH3 -17.13 -17.14
CH2 -11.39 -11.42
CH -5.59 -5.77
CO -14.44 -14.45
H -1.00 -0.98

Table S42: ∆∆Hads for chemical reactions involved in C-C and C-H bond scission reactions.

∆∆Hads (eV)
No. Reaction vacuum implicit explicit hybrid explicit+ bond-additivity
1 *CH3CH2OH + * → *CH3 + *CH2OH -3.52 -3.58 -3.62 -3.58 -3.41 -2.56
2 *CH3CH2O + * → *CH3 + *CH2O -0.49 -0.50 -0.65 -0.52 -0.66 0.67
3 *CH2CH2O + * → *CH2 + *CH2O -3.75 -3.72 -3.62 -3.64 -3.83 -2.74
4 *CH3CO + * → *CH3 + *CO -1.39 -1.56 -1.52 -1.61 -1.55 -0.23
5 *CH2CO + * → *CH2 + *CO -4.64 -4.76 -4.71 -4.80 -4.69 -3.61
6 *CHCO + * → *CH + *CO -5.22 -5.22 -5.13 -5.17 -5.09 -4.44
7 *CH3CO + * → *CH2CO + *H -1.60 -1.63 -1.95 -1.93 -1.96 -0.46
8 *CH2CO + * → *CHCO + *H -4.55 -4.61 -4.90 -4.93 -4.91 -3.50
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Table S43: ∆Hrxn−surf for chemical reactions involved in C-C and C-H bond scission reac-
tions.

∆Hrxn−surf (eV)
No. Reaction vacuum implicit explicit hybrid explicit+ bond-additivity
1 *CH3CH2OH + * → *CH3 + *CH2OH 0.41 0.33 0.31 0.34 0.52 1.37
2 *CH3CH2O + * → *CH3 + *CH2O 0.37 0.32 0.21 0.30 0.20 1.52
3 *CH2CH2O + * → *CH2 + *CH2O -0.02 -0.07 0.10 0.01 -0.10 0.98
4 *CH3CO + * → *CH3 + *CO -0.33 -0.38 -0.46 -0.43 -0.49 0.83
5 *CH2CO + * → *CH2 + *CO -0.63 -0.68 -0.70 -0.73 -0.69 0.40
6 *CHCO + * → *CH + *CO -0.96 -0.95 -0.87 -0.89 -0.83 -0.18
7 *CH3CO + * → *CH2CO + *H 0.20 0.21 -0.14 -0.08 -0.16 1.34
8 *CH2CO + * → *CHCO + *H -0.10 -0.15 -0.46 -0.46 -0.46 0.95
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(4) Motobayashi, K.; Árnadóttir, L.; Matsumoto, C.; Stuve, E. M.; Jónsson, H.; Kim, Y.;

Kawai, M. Adsorption of Water Dimer on Platinum(111): Identification of the -OH···Pt

Hydrogen Bond. ACS Nano 2014, 8, 11583–11590.
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