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ABSTRACT: Accurately predicting adsorption energies of oxygenated o

aromatic and organic molecules on metal catalysts in the aqueous phase AT » Hfg\?;iiﬁ/j% AT D

is challenging despite its relevance to many catalytic reactions such as

biomass hydrogenation and hydrodeoxygenation. Here, we report the \ /

aqueous-phase adsorption enthalpies and free energies of phenol,

benzaldehyde, furfural, benzyl alcohol, and cyclohexanol on polycrystal-
line Pt and Rh determined via experimental isotherms and density
functional theory modeling. The experimental aqueous heats of
adsorption for all organics are ~S50 to 250 kJ mol™' lower than
calculated gas-phase heats of adsorption, with a larger decrease for Rh
compared with that for Pt. Unlike in gas phase, phenol and other
aromatic organics adsorb with similar strength on Pt and Rh in aqueous
phase. The similar aqueous adsorption strength of phenol and benzaldehyde on Pt and Rh explains their comparable aqueous-phase
hydrogenation activities, which are rate-limited by a Langmuir—Hinshelwood surface reaction. A widely used implicit solvation
model largely overpredicts the heats of adsorption for all organics compared with experimental measurements. However, accounting
for the enthalpic penalty of displacing multiple water molecules upon organic adsorption using a bond-additivity model gives a much
closer agreement between experimental measurements and predicted heats of adsorption. This bond-additivity model explains that
the similar adsorption strength of organics on Pt and Rh in aqueous phase is due to the stronger adhesion of water to Rh than that
on Pt, which offsets the stronger gas-phase organic adsorption energy on Rh. The data reported herein also provides a valuable
resource for benchmarking methods for predicting aqueous-phase adsorption energies of CS/C6 organics on metal surfaces.

AI-Iads,aq,B >> AHads,aq,gas,B
Organic/Metal Organic/Metal

KEYWORDS: adsorption energy, aqueous-phase adsorption, bond-additivity model, solvent effects, phenol, platinum, rhodium,
cyclic voltammetry

B INTRODUCTION lack of understanding of aqueous-phase adsorption can lead to
inaccurate predictions of aqueous-phase catalytic behavior. This
issue often occurs when gas-phase adsorption energies are used
to explain aqueous-phase catalytic activity trends. For example,
the experimental gas-phase adsorption of phenol (a model bio-

Over 143 billion gallons of motor gasoline are consumed
annually within the United States to power transportation,
emitting huge amounts of greenhouse gases like CO,." The need

to supply energy for transportation in a sustainable manner has

. . . _ -1y7 i
spurred efforts to replace fossil fuels with renewable and CO,- oil spec1es) on Pt(111) is _SO strong (=220 K mol. )" that room

. - ) temperature hydrogenation would seem unlikely to occur
neutral transportation fuels. One promising strategy is to

produce transportation fuels from lignin biomass waste.” > because of site poisoning by phenol, yet phenol hydrogena;i_olrzl
on Pt occurs in the aqueous phase at room temperature.
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electrocatalytic hydrogenation and hydrodeoxygenation,’ typi- their adsorption energy of phenol in the gas phase, ~ but have
similar aqueous-phase hydrogenation turnover frequencies

cally rate-limited on metals by surface reactions. To improve the e . 814 ] )
L . . (TOFs) and apparent activation barriers,” " seemingly in
kinetics of these and other aqueous-phase catalytic reactions, an

understanding of the effect of water (or solvent) on organic

adsorption is critical because adsorption energies can determine Received:  February 17, 2020

coverages and alter activation barriers. Revised:  March 29, 2020
Although adsorption energies on metals are generally well Published: March 31, 2020

understood in the gas phase and have been used effectively to

predict and understand gas-phase catalytic behavior, much less is

known about adsorption in the aqueous phase. Generally, the

© 2020 American Chemical Society https://dx.doi.org/10.1021/acscatal.0c00803

W ACS Publications 4929 ACS Catal. 2020, 10, 4929-4941


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+Akinola"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Isaiah+Barth"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bryan+R.+Goldsmith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nirala+Singh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.0c00803&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00803?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00803?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00803?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00803?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00803?fig=abs1&ref=pdf
https://pubs.acs.org/toc/accacs/10/9?ref=pdf
https://pubs.acs.org/toc/accacs/10/9?ref=pdf
https://pubs.acs.org/toc/accacs/10/9?ref=pdf
https://pubs.acs.org/toc/accacs/10/9?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c00803?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

contradiction to the Sabatier principle. It is important to
determine whether this contradiction is due to intrinsic
differences in the mechanism and pathways of gas-phase vs
aqueous-phase catalytic reactions or can be explained by the
differences in effective adsorption energies in gas and aqueous
phases.

In this work, we report adsorption enthalpies and free energies
on Pt and Rh for select U.S. Department of Energy platform
chemicals that serve as bio-oil model compounds. Specifically,
phenol, benzaldehyde, and furfural,"® as well as two hydro-
genated products—benzyl alcohol and cyclohexanol—in
aqueous phase on active hydrogenation electrocatalysts, Rh
and Pt, are studied using cyclic voltammetry (CV) and DFT
modeling. We show the first direct comparison of DFT-
computed adsorption energies with experimentally extracted
values for these molecules and surfaces in the aqueous phase. We
also show that the initial apparent discrepancies in the catalytic
behavior of phenol and benzaldehyde hydrogenation in the
aqueous phase can be explained by the stark differences in gas-
phase and aqueous-phase adsorption energies.

Adsorption of reactants in the condensed phase is more
complex than in the gas phase because it requires displacement
of adsorbed solvent before reactants can adsorb. To accurately
describe surface reactions at liquid—solid interfaces, the energy
of water/solvent displacement on the adsorption energetics of
adsorbates must be adequately captured. The current first-
principles modeling paradigm (i.e., using DFT) for predicting
adsorption energies and coverages to use in microkinetic models
typically neglect the energetic cost of displacing adsorbed
solvent from the catalyst surface. Because adsorption energies
play such a significant role in catalytic activity, these errors could
qualitatively change predicted trends in catalyst performance.

Recent work shows that the aqueous-phase heat of adsorption
of phenol on a Pt(111)-like surface is much smaller than the gas
phase,'® which was attributed to the enthalpy associated with the
displacement of multiple water molecules from the Pt surface
upon adsorption of phenol and described by a bond-additivity
model."” This more moderate adsorption energy of phenol is
consistent with the aqueous-phase electrocatalytic and thermo-
catalytic hydrogenation activities observed at room temperature.
Nonetheless, the aqueous-phase heats of adsorption and the role
of water displacement on metals are unknown for most other
oxygenated aromatic and organic species of relevance to bio-oil
catalysis. This lack of knowledge prevents understanding of how
the adsorption strength of reactants correlates with catalytic
activity in the aqueous phase and also precludes important
benchmarking of computational predictions.

In this work, we (1) apply a state-of-the-art bond-additivity
model to five molecules on Pt(111) terraces, Pt(110) steps,
Rh(111) terraces, and Rh(110) steps; (2) confirm that the
adsorption of these molecules is reversible, which is a
requirement for extracting adsorption energies using adsorption
isotherms; and (3) perform a DFT analysis for all studied
molecules to compare adsorption energies quantitatively with
our experimental measurements. We show that these DFT-
computed adsorption energies can be directly compared with
experimentally extracted values for these molecules and surfaces
in the aqueous phase. Each of these three aspects improves upon
previous investigations and taken together provides a more
advanced study of molecule adsorption in the aqueous phase
than prior work.'™"*

We use CV to measure the charge from reversible hydrogen
underpotential deposition (Hupd) and desorption (H* + e™ +
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*(Metal) 2 H*)"”*' on polycrystalline Rh and Pt without
organics present and with increasing organic concentration. The
decrease in H,,q charge due to adsorbed organics' "**7** is used
to estimate the organic coverage as a function of organic
concentration and construct adsorption isotherms.'® Aqueous-
phase adsorption equilibrium constants are extracted using a
Temkin adsorption model to fit the adsorption isotherms.
Enthalpies are determined from the Gibbs free energies of
adsorption as previously described.'® Adsorption enthalpies and
free energies of these organics on Pt and Rh surfaces are also
predicted using DFT modeling and a bond-additivity model to
compare with experimental values.

Ultimately, our work finds that the heats of adsorption of
organics in the aqueous phase are reduced by 50—250 kJ mol™
compared with their gas-phase values because of the enthalpic
penalty of displacing several water molecules upon adsorption.
This weaker adsorption explains why surface reactions of
organics that bind too strongly to react in the gas phase can
occur at room temperature in water. Additionally, we show that,
unlike in gas phase, Rh and Pt have similar adsorption energies in
aqueous phase for phenol, benzaldehyde, and their reaction
intermediates. This similar adsorption energy in aqueous phase
could be responsible for the comparable aqueous catalytic
hydrogenation activity of these model bio-oil compounds
observed on Pt and Rh. We also show that using DFT modeling
with only implicit solvation overestimates adsorption energies
and does not capture observed experimental trends, which
prevents accurate predictions of coverages. Using a bond-
additivity model combined with gas-phase DFT calculations
enables more accurate predictions of aqueous adsorption
energies of C5/C6 organics. These results highlight the
necessity of properly accounting for the effect of solvent
displacement at the metal interface when modeling the
adsorption of organic molecules of relevance to condensed-
phase catalytic reactions such as bio-oil hydrogenation,
particularly those with large adsorption footprints such as
aromatics.

B EXPERIMENTAL AND COMPUTATIONAL
METHODS

Cyclic Voltammetry. The working electrode for the CV
measurements was either a polycrystalline Pt wire (0.5 mm
diameter, 99.997% Alfa Aesar) or Rh wire (0.5 mm diameter,
99.8% Alfa Aesar), and the counter electrode was a graphite rod.
A two-compartment electrochemical cell with a working and
reference electrode compartment and a counter electrode
compartment separated by an N117 Nafion membrane was
used. The working electrodes were first exposed to a flame for
cleaning any adventitious organic, followed by rinsing with Milli-
Q water. Before each use, the cell was cleaned with Milli-Q water
and oven-dried at 80 °C three times. This cleaning procedure
removes trace impurities of organics that would otherwise result
in inconsistent measurements from run to run. A Ag/AgCl
reference electrode was calibrated to 0 V vs reversible hydrogen
electrode (RHE) in the supporting electrolyte, and all potentials
are reported vs RHE based on this calibration. Acetate buffer
(pH S) containing 100 mM acetic acid (Sigma-Aldrich,
99.995%) and 100 mM sodium acetate (Sigma-Aldrich,
99.999%) was used as the supporting electrolyte. Acetic acid is
used in this work to mimic a bio-oil environment containing
carboxylic acids® and has negligible adsorption on Pt and Rh in
the Hy,q region.26 The working electrode compartment was
filled with 130 mL of acetate buffer and sparged with N,
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(99.999%) to remove dissolved oxygen. The working electrode
was further cleaned under voltammetric conditions in the
potential window of —0.2—1.8 V vs RHE for 60 cycles at a scan
rate of 100 mV s™". After voltammetric cleaning, CV was carried
out at a 100 mV s™" scan rate in the potential window of 0.05—
1.1 V for Rh wire and 0.05—1.3 V for Pt wire. Within these
potential windows, the cyclic voltammograms were repeatable
and reversible. There was no scan rate dependence (between 20
and 100 mV s7') of the H,,q charge on Pt'® and less than 7%
ch;;nge in H,,q charge with scan rate on Rh (Figure S1 and Table
S1).

Organics dissolved in acetate buffer solution were introduced
to the cell to increase the concentration of organics from 1 yM
up to 500 mM. The organics used for adsorption studies were
phenol (Sigma-Aldrich, >99%), benzaldehyde (Sigma-Aldrich,
>99%), furfural (Sigma-Aldrich, 99%), benzyl alcohol (Sigma-
Aldrich, 99.8%), and cyclohexanol (Sigma-Aldrich, 99%). At the
lowest organic concentration (1 uM), the bulk organic
concentration would decrease by at most 0.2% upon adsorption
of a complete monolayer of the organic onto the metal
electrode; thus, we assumed that the bulk concentration was
unchanged by adsorption (see Section S2 of the Supporting
Information (SI) for calculation details). The electrolyte was
stirred and re-sparged with N, to remove oxygen prior to CV
measurements for each organic concentration. The working
electrode was continuously cycled in the same potential window
between each CV measurement (0.05—1.1 V for Rh and 0.05—
1.3 V for Pt). The CV measurements were repeated under the
conditions specified at each organic concentration until a steady
state was reached. The charge from chemisorbed hydrogen in
the H,,q region (0.05 V—0.35 V) was obtained by integrating the
area under the desorption peaks in the CV, dividing by the scan
rate and then subtracting the baseline capacitive charge
calculated from the double-layer charging region of the CV.
With phenol present, the H,,4 charge from H* adsorption and
desorption matches closely on Pt (Figure S2a). On Rh, the H
adsorption region had a contribution from the Rh,0j; reduction
peak,” causing the apparent adsorption charge to be larger than
the desorption charge (Figure S2b); hence, the H,,q desorption
peak was used instead to estimate the amount of chemisorbed
hydrogen on both Rh and Pt.

Dilution of Organic Concentration to Determine
Reversibility. To test whether organic adsorption was
reversible, after taking a cyclic voltammogram at a given organic
concentration the organic concentration was diluted by
removing a given volume of the existing solution and replacing
with the same volume of acetate buffer supporting electrolyte,
while the working electrode containing the adsorbed organic
was kept in place under a continuous blanket of N,. After
dilution, the working electrode was cycled at the normal
potential window used for H,,q measurements until the
adsorbed organic reached equilibrium with the diluted cell
solution concentration (indicated by a stable CV). This stable
CV at the diluted concentration was compared to measurements
done at the same concentration, but without previously going to
higher organic concentrations.

Adsorption Isotherm Fitting. Each isotherm was fit by a
one-site or two-site model using the same procedure from ref 16.
Briefly, the equilibrium constant of adsorption K¢l .4, for each
site was obtained by fitting the fraction of H,,4 inhibited at
different organic concentrations to a Temkin isotherm (eq 1),
where the saturation coverage for site 1 was the coverage (6)
where the first plateau is seen, and the saturation coverage of site
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2 was the second plateau. AGjy,,q0- is the adsorption free
energy of the aqueous organic at zero coverage, R is the ideal gas
constant, and T is the temperature. Several models can be used
to fit the adsorption isotherm, such as the Langmuir—
Hinshelwood (LH) model, where metal surface sites can either
be unoccupied, have adsorbed hydrogen, or have adsorbed
organic. Instead of an LH model, we used a modified Langmuir
model where the organic adsorption energy varies linearly with
the coverage because of adsorbate—adsorbate interactions (also
known as the Temkin model).>”*® The Temkin model assumes
that the coverage of organic does not depend on the adsorbed H
in the reversible H, 4 region but depends only on the bulk
organic concentration and the organic equilibrium adsorption
constant. This model is used because of its simplicity compared
to the LH model. Recently, an LH model was used to fit kinetics
for Pt/C for aqueous-phase phenol hydrogenation over a range
of phenol concentrations, resulting in an equilibrium constant
for phenol of 33 (standard-state concentration of 1 M phenol, as
used here).” This value is similar to the adsorption equilibrium
constant of 38 measured for phenol/Pt(111) using the Temkin
model,'® supporting the accuracy of the Temkin model used for
this work. Additional discussion about the isotherm derivation
and fitting is provided in Section S6 of the SL

AG:ds,aqﬂ:O + af
RT

Kea;l,ads,ﬁ = eXP{ -
(1)

Ideally, the measurements would be done as a function of surface
charge on both Pt and Rh to determine the influence of the
surface charge of the metal electrode on the water layer and
organic adsorption®”*" or at a potential where the maximum
organic adsorption is reached, often slightly cathodic to the
potential of zero charge (PZC).”> However, the H,,4 technique
inherently cannot be done at a single potential but requires
cycling over a range of potentials. Hence, our reported values
may be underpredictions of the organic adsorption strength
relative to the adsorption on an uncharged surface. Despite this,
there is still a general agreement between the adsorption
energies extracted through this method and solution calorim-
etry, as well as gas-phase calorimetry once the effects of the water
layer on the metal surface have been accounted for."”

Computational Methods. Density functional theory
(DFT) calculations were done using the Vienna ab initio
simulation package (VASP).>*** All DFT calculations were non-
spin-polarized because spin polarization was found to have 0.14
and 0.43% average changes in the organic and water adsorption
energies, respectively, on Pt and Rh in the gas phase. The
Perdew—Burke—Ernzerhof functional with the semiempirical
D3 dispersion correction (PBE-D3) was used because of its
good trade-off between computational cost and accuracy,
although PBE-D3 has been shown to overestimate the
adsorption strengths of aromatics.”> > Projector-augmented
wave pseudopotentials®” were used with a kinetic energy cutoff
at 400 eV. The convergence criteria for electronic and ionic
forces were set to 107 eV and 0.01 eV A~ Atomic structures
were geometry-optimized using either the conjugate-gradient
algorithm or the quasi-Newton algorithm. Lattice parameters of
bulk Pt and Rh were determined by relaxing a four-atom face-
centered cubic cell of each metal. A 15 X 15 X 15 Monkhorst—
Pack k-point grid was used for bulk relaxations. The calculated
lattice parameters were 3.925 and 3.792 A for Pt and Rh and are
within 1.2 and 0.1%, respectively, of the experimentally
determined values.*”*'
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The adsorption enthalpies of phenol, benzaldehyde, furfural,
benzyl alcohol, and cyclohexanol were predicted on (111)
terraces and the (110)-like and (100)-like steps of the (553) and
(533) surfaces, respectively. Throughout this text, we refer to
the steps of the (553) and (533) surfaces simply as (110) and
(100), respectively. The surface slab models of Pt and Rh were
modeled using 4 X 4 supercells that were four layers thick. For all
considered surfaces, the top two layers could relax during
geometry optimization, whereas the bottom two layers were
fixed in their bulk coordinates. Metal slabs were separated by a
20 A vacuum in the direction perpendicular to the surface. A 3 X
3 X 1 Monkhorst—Pack k-point grid was used for adsorption
energy calculations of organics on 4 X 4 slabs corresponding to a
1/16 monolayer (ML) coverage. A S X § X 1 Monkhorst—Pack
k-point grid was used for adsorption energy calculations of
organics on 3 X 3 slabs corresponding to a 1/9 ML coverage.
Spurious dipole interactions between periodic images were
corrected in VASP (IDIPOL = 3, LDIPOL = true).

A variety of implicit and explicit modeling approaches have
been used to treat the water—adsorbate—metal interface to
enable the prediction of thermodgrnamic and kinetic parameters
for aqueous-phase reactions.””"’ Explicit treatment of water
through classical,** ab initio,** and hybrid*® molecular dynamics
calculations has been employed to describe water—adsorbate—
metal interactions at the interface, although these approaches
are computationally demanding because they require sampling
over long time scales. Alternatively, simple ice-like layers have
been used to explicitly model water, although this approach is
too crude to accurately describe the water—adsorbate—metal
interactions at standard electrochemical conditions.** In place of
explicit solvent modeling, adsorption energies may be calculated
using computationally inexpensive implicit solvent models.*”**

Two apg)roaches, an implicit solvent model using the VASPsol
model*” and a bond-additivity model recently published by
Singh and Campbell,'” were used in this study to model
solvation effects. VASPsol, which was developed to treat
solvated molecules and nanocrystal surfaces, models the
interactions between the solvent and solute by using DFT to
describe the solute explicitly and the linear Poisson—Boltzmann
equation to describe the solvent as a continuum dielectric. In
this work, the water solvent was implicitly treated using the
default VASPsol parameters (see Section S7 for gas-phase,
implicit solvent, and thermodynamic calculations). The bond-
additivity model, which accounts for the formation of water—
organic bonds as well as the breaking of water—water and
water—metal bonds, was originally developed to estimate the
aqueous-phase adsorption energy of phenol on Pt(111) based
on the experimental gas-phase adsorption energy.'’

Here, the bond-additivity model (eq 2)'” was used to estimate
the aqueous-phase adsorption enthalpies of all organic
molecules considered at 298.15 K and 1 atm.

o _ o
-A ads,aq,gas,R/M — _AHads,gas,R/M
o o
+ H(A ads, gas,water/ M + AHvap

~ 2 urerig€r + (water — R) @)
AHgy,q,005,r/M i the adsorption enthalpy of gas-phase organic R
onto metal M in the aqueous phase, AHyr/m is the
adsorption enthalpy of gas-phase organic R onto metal M in
the gas phase, 7 is the number of water molecules displaced from
metal M upon organic adsorption, AHg g warer/m IS the
adsorption enthalpy of a water molecule onto metal M in the
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gas phase, AH,,

.p is the vaporization enthalpy of water, ¥\ ater(iiq) 18
the surface energy of liquid water, oy, is the area of an adsorbed
organic molecule, and water—R is —1/2AHggyr + Vyater(liq)Ors
where AHg,, ¢ is the solvation enthalpy of the organics in water.
For simplicity, in the subsequent text, we omit R or R/M when it
is clear which metal and organic are being referred to (e.g., we
refer to AHgy,q easr/M 35 AH;’dS,aq’gas). A similar equation using
experimental adhesion energies (rather than our calculated
values) of aqueous and nonaqueous solvents is presented in ref
51, but as the adhesion energy of water on Rh is not
experimentally available, we use eq 2 here. Conceptually, these
equations are the same bond-additivity model.

The number of water molecules displaced upon organic
adsorption, n, was calculated for each molecule on each surface
by studying the heat of adsorption as a function of organic
coverage using the bond-additivity model (details provided in
Section S11 of the Supporting Information). Treating each
modeled coverage as saturation, n was calculated over a range of
organic coverages. In subsequent applications of the bond-
additivity model, we choose the n that corresponds to the
coverage at which the heat of adsorption reaches a maximum.
Using this method, we find that phenol adsorbs on Pt(111) at a
1/9 ML coverage (9 Pt atoms per phenol molecule) and
displaces 6.5 water molecules assuming a water coverage of 0.72
ML.** This phenol coverage on Pt(111) matches the coverage in
aqueous phase determined from quantitative Auger electron
spectroscopy measurements,”> and the value of 6.5 water
molecules is the same as used in our previous bond-additivity
model for phenol on Pt(111) using experimental values.'’
Therefore, we believe that our computational approach is
reasonable for estimating the number of water molecules
displaced from the Pt(111) terrace upon adsorption of phenol,
and we apply it to the other organics on Pt(111) and Rh(111)
terraces. Because it is difficult to vary organic coverage on
stepped surfaces, we calculate n on (110) and (100) terraces and
assume that 7 is the same on the respective steps. Although the
value of  on stepped surfaces may be evaluated more rigorously
using ab initio molecular dynamics, this computationally
demanding approach was not employed in this current work.
Since 7 is not calculated explicitly on (110) and (100) steps,
predicted heats of adsorption on the stepped surfaces are not as
accurate as the heats of adsorption on the (111) terrace.

B RESULTS AND DISCUSSION

Impact of Phenol on the Underpotential Deposition of
Hydrogen on Pt and Rh. The data in Figure 1 shows that H,,4
on a Pt wire and a Rh wire is inhibited by phenol adsorption,
which implies competitive adsorption between H* and phenol*
on the surfaces of both metals in the aqueous phase. The cyclic
voltammograms with phenol for the Pt wire (Figure 1a) match
those measured previously, where the difference in H,,q charge
on Pt with and without (phenol was used to quantify the coverage
of adsorbed phenol."*'® On Rh, the H,pq charge, proportional to
the H* desorption peak area in the potential range of 0.05—0.35
V, also decreases with increasing phenol concentration (Hupd
charge values are shown in Figure S2). Similar to Pt, we attribute
the decreasing H,,q charge to the blocking of Rh sites by
adsorbed phenol, resulting in fewer sites available for hydrogen
to adsorb. Hydrogen underpotential deposition on Rh in acetate
buffer without phenol is kinetically fast and reversible within the
potential window used in this work, shown by the symmetry of
the reduction and oxidation peaks associated with H,,4 and the
H,pq charge independence on scan rate (Figure S1 and Table
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Figure 1. Cyclic voltammograms showing the H,4 region at different
bulk phenol concentrations on (a) platinum wire and (b) rhodium wire.
The H,,q current peaks attributed to Pt(110) steps and Pt(100) steps
and the broad region corresponding to Pt(111) terraces are labeled.
The H,4 peaks corresponding to different Rh facets overlap with one
another. The cyclic voltammograms were taken in a 100 mM acetate
buffer supporting electrolyte (pH 5) at 298 K and using a 100 mV s~
scan rate. Phenol competes with H* adatoms for metal sites, hence the
drop in area under the H,,q adsorption and desorption peaks as phenol
concentration increases.

S1). The H,,q on Rh and Pt is also reversible when phenol is
present (Figure S2), indicating that H* does not react with
adsorbed phenol during these scans. The change in H,,4 charge
with phenol concentration is reproducible (Figure S3 and Table
S2).

The polycrystalline Pt and Rh wires have different H,,4 peak
shapes, based on how H* interacts with the different surface
facets. The peak voltages for Pt in Figure 1a are consistent with
prior polycrystalline Pt studies,""'® and individual H,pq peaks
have been identified on Pt single crystals in 0.1 M H,SO,, and
HClO,.**** These studies indicate that the peak located at
~0.10t0 0.15 V is from Pt(110) steps, the peak at ~0.23 to 0.3V
is from Pt(100) steps, and the broad feature that underlies the
two peaks from ~0.05 to 0.35 V is from Pt(111) terraces.
Contributions from H,,4 on (111) steps, (110) terraces, and
(100) terraces on Pt are at CV peak locations that overlap with
those of (111) terraces, (110) steps, and (100) steps.”>~>’
Unlike on Pt, the H,,4 peaks all overla(? for the facets of
polycrystalline Rh'® (i.e., Rh(110),°° Rh(100),°" and
Rh(111)°'7%%). Consequently, a single adsorption/desorption
peak is observed for H,,q on Rh wire in 0.1 M acetate buffer,
Figure 1b. This overlap of H,,4 peaks from the different facets of
Rh, attributed to the similar hydrogen adsorption free energies
on the different facets, makes deconvolution of organic
adsorption on the different facets from H,,q alone difficult.

Adsorbed phenol blocks H,,q across the Pt facets to different
extents, with the Pt(110) peak decreasing more than the
Pt(100) peak for the same phenol concentrations, whereas the
broad Pt(111) feature drops the least at concentrations between
1 and 100 uM (Figure 1a). Therefore, the Pt(110) and Pt(100)
steps adsorb phenol stronger than the Pt(111) terrace, in
agreement with a prior report.'® In Figure 1b, any differences in
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phenol adsorption on the different facets of Rh wire are not
immediately evident since the H,,q peaks of Rh(110), Rh(100),
and Rh(111) cannot be distinguished. Nonetheless, we will
show below based on the shape of the adsorption isotherm that
there are also two distinct types of adsorption sites on Rh.

First, the inhibition of H,yy charge as a function of phenol
concentration (Figure 1) can be used to extract adsorption
energies using an adsorption isotherm, so long as the H,4
process remains reversible in the presence of phenol and phenol
adsorption is an equilibrated, reversible process. We show that
the H,4 oxidation and reduction charges match both in the
absence of phenol and with phenol present (Figure S2), proving
reversible H* reduction and H* oxidation. This observation
matches the report that phenol is reduced on Pt and Rh only at
lower potentials (<0 V vs RHE) than applied in this work.” To
test whether the adsorption of organics on Pt and Rh is
reversible, we measure the H,,q charge at a certain bulk organic
concentration and then dilute the bulk concentration to see if
the H,,q charge recovers to that associated with the new (lower)
bulk organic concentration (Figure S4). The observation that
H,,q charge and thus phenol coverage are recovered (Table S3),
i.e.,, there is no hysteresis in the adsorption isotherms, implies
that phenol adsorption is an equilibrated, reversible process. The
data in Figure S4 show that other organics also adsorb/desorb
reversibly on both Pt and Rh.

Extracted Adsorption Energies of Phenol on Platinum
and Rhodium. Having fulfilled both criteria for reversibility as
discussed above, the adsorption isotherms of phenol on Pt and
Rh shown in Figure 2 were constructed by plotting the fraction
of H4 inhibited by phenol from the cyclic voltammograms
(Figure 1) against the bulk concentration of phenol. The
fraction of H,4 inhibited, which we assume was caused by the
reversible adsorption of phenol on the metal surface, was
obtained from the difference in the H,,4 charge with and without
phenol in solution (details in Section SS of the SI). The fraction
of Hy,q inhibited by phenol on Pt at different concentrations
determined using the CV technique matches a report using a
radiotracer method.®* The dilution points are shown in Figure 2
as open triangles to indicate the reversibility of phenol
adsorption and the lack of hysteresis using this technique. For
example, diluting from 100 gM (filled triangle) to 10 #uM (open
triangle) is shown in the isotherm in Figure 2a for phenol on Pt
wire, where the diluted point matches the measurement at 10
uM without dilution. The variation between the data points after
dilution compared to without dilution at the same bulk phenol
concentration is within the small run-to-run variation from
multiple measurements (see Figure S3 for run-to-run
variations).

The isotherm shapes in Figure 2 indicate the presence of two
distinct adsorption sites on both Pt and Rh, based on the initial
increase in coverage with concentration, followed by a plateau
with increasing concentration (saturation of the first site) and
then by a second region of increasing coverage corresponding to
adsorption on the second set of sites. Thus, we divide the phenol
adsorption isotherm into two sites for both Pt and Rh, where site
1 corresponds to the stronger binding site and site 2 corresponds
to the weaker binding sites. The H,,4 peaks for Pt(110) and
Pt(100) in Figure la decrease at lower phenol concentrations,
whereas the Pt(111) H,,y peak only decreases at higher
concentrations. Thus, site 1 in Figure 2a is attributed to a
combination of stepped facets of Pt(110) and Pt(100), and site
2 is attributed to Pt(111) terraces.'® The adsorption free energy
extracted in this way on site 2 matches those from a kinetic

https://dx.doi.org/10.1021/acscatal.0c00803
ACS Catal. 2020, 10, 4929-4941


http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c00803/suppl_file/cs0c00803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c00803/suppl_file/cs0c00803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c00803/suppl_file/cs0c00803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c00803/suppl_file/cs0c00803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c00803/suppl_file/cs0c00803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c00803/suppl_file/cs0c00803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c00803/suppl_file/cs0c00803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c00803/suppl_file/cs0c00803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c00803/suppl_file/cs0c00803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c00803/suppl_file/cs0c00803_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00803?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00803?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00803?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00803?fig=fig1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c00803?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

———————
a) Phenol on Ptwire , |
OH A :
g 0.8 [ sitet A !
3 AGgsaqo=0= !
= -27.4kJmolt A
£ 06
3
T A
c 04} ]
] ! —
S diluted /D/‘
© point o site 2
w 02 f AG =
(D/—M 0 kJ mol
0
1 T T T T T T
b) Phenol on Rh wire A
T 08 |sited ©/°H A
H AGgasaqo=0= |
2 -26.3kJ mol* ad
£ 06 1
k-3 1
: !
T 1
F 1
5 04 {
© !
o
w 02r¢f
0

log [Cppeno / M]

Figure 2. Adsorption isotherms of phenol on (a) Pt and (b) Rh wires
constructed by plotting the fraction of H,4 inhibited by phenol vs the
bulk phenol concentration. Each data point (blue triangle) is obtained
from the drop in H,,q charge with phenol in Figure 1. Fits are from a
two-site Temkin adsorption model with @ = 0 kJ mol ™" giving the best
fit. The orange squares (site 2) correspond to the fraction of Hpg
inhibited that is greater than the saturation amount of site 1. Thus, site 2
data points are adjusted by subtracting the saturation fraction of site 1 at
the higher phenol concentration. Diluted points are shown by open
triangles (solid black arrow indicates dilution by a factor of 10). The
agreement of the diluted points with points directly taken by adding
phenol without first reaching a higher concentration shows that phenol
adsorption under these conditions is reversible.

model for phenol hydrogenation, as discussed in the
Experimental and Computational Methods section. The fraction
of site 2 corresponding to the Pt(111) terrace-like sites (0.37
from the isotherm for Pt in Figure 2 and 0.4 from ref 15) is
similar to predictions from the electrochemical Wulff con-
struction of the fraction of (111) sites (~0.4 in the 0—0.4 V vs
RHE range for Pt),* supporting this assignment. Our DFT
calculations using the bond-additivity model for Pt also predict
stronger phenol adsorption on the (110) steps compared with
that on the (111) terraces, consistent with our assignment. The
model, however, predicts weaker phenol adsorption on the
(100) steps than that on (111) terrace despite stronger
adsorption in the gas phase. This discrepancy from the
experimental results may be a result of an inaccurate (too
strong) water adsorption energy on the (100) step or an
inaccurate number of water molecules displaced upon organic
adsorption, as discussed in the Experimental and Computational
Methods section.

Although from the CV of Rh (Figure 1b) we cannot
distinguish between facets, from Figure 2b it is apparent that
there are two adsorption sites, where site 1 reaches saturation
coverage at 1 mM phenol, followed by continued adsorption on
site 2 at higher concentration. We attribute site 1 to a
combination of (110) and (100) step facets and site 2 to
(111) terraces, the same as the assignment on Pt. Our
assignment is supported by a similar fraction of site 1 on Pt
and Rh (0.63 and 0.62, respectively). The bond-additivity
calculations for Rh predict that phenol adsorbs the strongest on
(110) steps, followed by (111) terraces, and then the weakest on
(100) steps, the same order as that predicted for Pt. It is possible
that site 1 of Rh is only the (110) step and not the (100) step,
although the weak adsorption predicted on the (100) steps may

Table 1. Measured Adsorption Free Energies and Enthalpies of Organic Compounds on Rh and Pt Wires at 298 K in Aqueous

Phase from Hydrogen Site-Blocking Experiments”

molecule AGRy5q0-0 a Sat. frac. —AHz.q0 —AH 05050 —AH0qg050
(IJ mol™1)” (IJ mol™) (1 mol™1)* (Ig mol™1)® (1J mol™!) DFT + Bond Add.®
Pt from Ref 16 and Measured Here for Furfural
phenol (site 1) -29 4 0.53 41 91 130
phenol (site 2) -9 0 0.40 21 71 76
benzaldehyde -30.5 4.5 0.80 43¢ 83 121/94
furfural —26.1 0 0.89 26 84 95/92
benzyl alcohol -33 S 0.86 32 99 159/128
cyclohexanol® -17 0 0.66 -2 69 24/-3
phenol (site 1) —26.3 0 0.62 39 89 86
phenol (site 2) -7 0 0.38 20 70 60
benzaldehyde (site 1) —26.6 16 0.75 399 81 124
benzaldehyde (site 2) -9 10 0.25 207 62 112
furfural =25 0 0.82 25 83 88/66
benzyl alcohol (site 1) —26.5 0 0.54 28 95 114
benzyl alcohol (site 2) -8 10 0.36 9 76 104
cyclohexanol® -3 0 0.63 =7 63 —34/-65

“DFT-calculated values adjusted using the bond-additivity model are also included. The adsorption free energies are extracted from Figures 2 and
S. Heats of adsorption at standard coverage 6° = 0.054 are also listed based on conversions using the methodology described in the SI (Section S9).
—AHgy.q0 refers to the heat of adsorption of solvated phenol, and —AHgy,q .0 refers to the aqueous-phase heat of adsorption of gas-phase
phenol. “—AHg, .o c.s 0 is reported here from the values in Table S4 using the bond-additivity model. “Step” site values (site 1) correspond to (110)
step calculations, and the “terrace” sites (site 2) correspond to (111) terraces. For molecules where two distinct adsorption sites were not found
experimentally, (110) calculated values are listed first, followed by (111). 9Heats of adsorption measured by solution calorimetry from ref 76 on Pt/
C and Rh/C were 44 and 39 kJ mol™’, respectively. “Cyclohexanol coverages did not reach saturation, so these values are estimated by using the
same saturation coverage of phenol on site 1 for Rh (0.63 ML).
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be a result of an erroneous treatment of water on the (100) steps
in the model as described above for Pt.

The values of experimental adsorption free energies
(AG;’dS,aqﬂ) from isotherm fitting using the procedure outlined
in Section S6 are compiled in Table 1, along with the free energy
of gas-phase organic adsorption in aqueous phase ( AG:?ds,aq,gasﬁ) )
calculated from AGgy,,q¢ using Henry’s law constant in Table
SS. The adsorption values are also converted to enthalpies of
gas-phase organic adsorption in aqueous phase (AH;)ds,aq,gas,B)
and aqueous organic adsorption enthalpies (AHgy,q0) follow-
ing the method discussed in detail in Section S9 and outlined in
Scheme S1. Briefly, the standard entropy of each gas-phase
organic molecule is used to estimate the entropy of adsorption
using a known correlation for many gas-phase molecules,*®
allowing us to convert from AGg.qes0 t0 AHaqeas0-
Although this accounts for the loss in entropy from the gas-
phase organic adsorption, we assume that the displaced water
layer has the same entropy, i.e., that the water layer on top of the
adsorbed organic has the same structural order as the water layer
on top of the metal surface. This assumption of invariant entropy
from water is supported by the close agreement between
aqueous-phase calorimetry of benzaldehyde on both Pt/C and
Rh/C compared to the enthalpies extracted here using this
method. The assumption that the water layer maintains the same
entropy could be tested by measuring AGgy,,q¢ as a function of
temperature and constructing a van’t Hoff plot so that this
approximation is not required. If there was an increase in
entropy from the water being displaced (i.e, water on the
adsorbed organic has higher entropy than water adsorbed on the
metal), the enthalpies of adsorption would be more positive than
reported here, but the effect is estimated to not be more than 11
kJ mol ™"

Difference in Gas-Phase and Aqueous-Phase Adsorp-
tion Energies of Phenol. Here, we compare our exper-
imentally measured aqueous-phase heats of adsorption
(_AHgds,aq,gas,Q) of phenol on both Pt(111)'*"” and Rh(111)
with DFT-computed values in the gas phase and aqueous phase.
The data in Figure 3 shows computed gas-phase heats of
adsorption (—AH:ds,gas,g) and aqueous-phase heats of adsorp-
tion (—AHgy,,qs0) calculated using implicit solvation, the
bond-additivity approach, and experimental isotherm fitting.
Our gas-phase DFT calculations for phenol heat of adsorption
on Pt(111) agree with low-coverage values measured by
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Figure 3. DFT-computed heats of adsorption in implicit solvent
(orange), gas phase (blue), and aqueous phase using a bond-additivity
model to correct the gas-phase calculation for solvation and water
displacement at the metal interface (green). Experimentally derived
heats of adsorption for gas-phase phenol on the metal in the aqueous
phase for site 2, attributed to Pt(111) and Rh(111) terraces, are shown
in yellow. Abbreviations: bond additivity = Bond Add.
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ultrahigh vacuum calorimetry.” Phenol is calculated to adsorb
~50 kJ mol™" stronger on Rh(111) compared with that on
Pt(111) in the gas phase, but the experimental measurements
show that both Rh(111) and Pt(111) adsorb phenol with similar
and weaker strength in the aqueous phase.

Heats of adsorption computed using implicit solvation predict
that phenol should adsorb stronger than in the gas phase on Pt
and Rh and overpredict adsorption strengths by at least 100 kJ
mol ™" compared with the experiment. Here, calculations using
only implicit solvation predict that phenol binds 29 kJ mol™!
stronger on Pt(111) in the aqueous phase compared with that of
the gas phase, which is consistent with the 25 kJ mol ™ increase
in phenol binding strength previously reported using an implicit
solvation model.*” Past work that treated water explicitly
reported the aqueous-phase adsorption enthalpy of a gas-phase
phenol molecule to be 37 kJ mol ™" more exothermic than in the
gas phase.” Implicit and explicit solvent calculations that model
water surrounding the organic but not displaced from the surface
yield far more exothermic adsorption enthalpies than our
equilibrated adsorption measurements and even calorimetry
values. Reparameterizing the cavity of the VASPsol implicit
solvent model for aromatic molecule adsorption may greatly
improve the predicted heats of adsorption relative to our bond-
additivity model predictions and experimental measurements.
Also, DFT-calculated adsorption energies that account for
displacement of adsorbed water from a metal surface'® have not
been compared directly with experimental values. The
consequence of these significantly stronger adsorption energies
would be a many orders of magnitude error in adsorption
equilibrium constants, which are used for catalysis in trying to
predict or understand surface coverages (e.g., through an LH
reaction or other microkinetic model).

The bond-additivity model (eq 2) corrects the DFT-predicted
gas-phase adsorption enthalpies for solvation and water
displacement at the metal interface upon organic adsorption,
bringing the predictions into much closer agreement with the
experiment for phenol adsorption on Pt(111) and Rh(111). The
bond-additivity model here does not account for the differences
in the potential of zero charge (PZC) between Pt(111) and
Rh(111), which could affect the metal surface charge and thus
the water adsorption layer. The PZCs of the (111) facets of Pt
and Rh in 0.1 M H,SO, are much different (0.3 V on
Pt(111)°”°® and 0.1 V on Rh(111) vs RHE).”’ Accounting for
this effect would further improve the accuracy of this model.

As previously discussed for Pt,'” the difference in gas-phase
and aqueous-phase adsorption is mainly attributed to the fact
that in aqueous phase, organics must displace water adsorbed to
the metal surface. This has been described qualitatively by
Gileadi”® and Bockris,”* but used quantitatively in recent work
since we now know the number of water molecules displaced by
phenol and the enthalpy associated with those adsorbed waters.
For example, a phenol molecule adsorbing on Pt(111) surface in
aqueous phase displaces approximately 6.5 water molecules,
based on the footprint of adsorbed phenol on Pt and
saturation coverage of water on Pt.>> Since Pt(111) has been
recently shown to be the active facet for phenol hydro-
genation,10 it is important to understand how the presence of
solvent/water impacts the effective adsorption strength of
phenol on this facet.

The similarity between phenol adsorption on Rh and Pt in the
aqueous phase is primarily caused by the stronger water
adsorption on Rh than on Pt, as calculated here and in ref 71.
Our DFT-calculated water/Rh(111) adsorption energy (—52 kJ
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mol ") is stronger than water/Pt(111) (—39kJ mol™") in the gas
phase, consistent with temperature-programmed desorption
experiments where water desorption on Rh(111) is observed at
higher temperatures than on Pt(111).”> Water adsorption
energies on other surfaces are included in Table S4. We assume
that the phenol “footprint” is similar to Rh and Pt* and that n
from eq 2 is the same for the two metals. This assumption is
supported by the similar adsorption geometries (Figures SS and
S6) and metal surface area covered by phenol on Rh and Pt (0.60
nm? for Pt and 0.56 nm? for Rh) from our calculations. Thus, the
stronger water adsorption on Rh offsets the stronger gas-phase
phenol adsorption energy, resulting in comparable aqueous-
phase adsorption energies.

Impact of Other Oxygenated Aromatics and Organics
on the Underpotential Deposition of Hydrogen on Rh.
Besides phenol, other oxygenated aromatics and organics (i.e.,
benzaldehyde, furfural, benzyl alcohol, cyclohexanol) tested
here also compete with hydrogen for adsorption sites on Rh, as
seen in Figure 4. Consequently, we can broadly apply the CV
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Figure 4. Cyclic voltammograms in the H,,q region with an increasing
bulk organic concentration on a Rh wire for (a) benzaldehyde, (b)
furfural, (c) benzyl alcohol, and (d) cyclohexanol. Experiments were
carried out in a 100 mM acetate buffer supporting electrolyte (pH S) at
298 K and using a 100 mV s™' scan rate. The adsorbed organic
competes with H* for sites, hence the drop in Hy,q charge indicated by
the reduced current density with increasing organic concentration.

technique to extract adsorption energies of organics in the
aqueous phase provided that in the H,,4 potential window the
adsorbed organic and H* adsorb and desorb reversibly. The
drop in the H,,q peaks with individual organic concentration
varies in the order of furfural > benzaldehyde > phenol > benzyl
alcohol > cyclohexanol. Cyclohexanol in particular has a much
lower impact on the H,,4 than the other organics, even at 200
mM.

Similar to the reversibility of H,,4 discussed above for phenol,
the H,p4 charges in the cathodic and anodic directions in the
presence of benzaldehyde, benzyl alcohol, and cyclohexanol are
the same, implying reversible H,,q; however, furfural H,q
(Figure 4b) became less reversible with increasing furfural
concentration on Pt and Rh (Figures S7 and S8). With
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increasing furfural concentration, a larger portion of the
adsorbed hydrogen is not desorbed in the H,,y region (i.e.,
the difference in H,,q adsorption and desorption charges
increases). This irreversible reduction current is also seen at
higher furfural concentrations.”* This behavior does not seem to
be due to a catalytic reaction because the difference in H,yq
adsorption and desorption charges was independent of scan rate
(Figure S8c,d). Thus, one possibility for the irreversible Hypa
reduction in the presence of furfural may be that H* partially
hydrogenates the adsorbed furfural species, but complete
furfural hydrogenation and desorption do not occur in this
potential region. Recent studies have shown that furfural may
also decarbonylate at potentials just positive of the H,,q region,
forming strongly adsorbed CO, adsorbed furyl fragments, and
adsorbed H.”>"* In this case, the irreversible reduction current
we observe here may be related to the reduction or reaction of
adsorbed furyl to furan, but without furan desorption that would
allow catalytic turnover.

Adsorption Energies of Furfural, Benzaldehyde,
Benzyl Alcohol, and Cyclohexanol on Rh. Using the data
in Figure 4, the fraction of H,,4 inhibited by the organics is
shown in Figure S, with specified points testing the reversibility
of the adsorption process indicated by open symbols. The data
in Figure S4 contains CVs used to test the reversibility of all
organics tested here, except for cyclohexanol that did not adsorb
at appreciable coverages. The adsorption free energies of these
organics were extracted the same way as was done for phenol.

1
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Figure S. Adsorption isotherms of (a) benzaldehyde, (b) furfural, (c)
benzyl alcohol, and (d) phenol on Rh wire and cyclohexanol on Rh
wire. The data points were obtained from the fraction of H,,4 inhibited
on Rh by the different organics from Figure 4 at various organic
concentrations. The values for phenol in (d) are from Figure 2b and are
compared directly to the nonaromatic cyclohexanol values taken in a
separate experiment to show the effect of the aromatic ring. A Temkin
isotherm model was used to fit the data and extract the adsorption free
energies. Benzaldehyde, phenol, and benzyl alcohol isotherms are
divided into two sites for fitting. Furfural does not show a two-site
adsorption behavior as seen for phenol. Dilution is shown by the solid
arrows to test the reversibility of organic adsorption. New measure-
ments after dilution are denoted by open symbols.
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The two-site behavior seen for phenol on Rh is not observed for
furfural and cyclohexanol. We deduce that furfural does not
adsorb differently on the individual Rh facets as opposed to
phenol, benzyl alcohol, and benzaldehyde, which adsorb on
distinct Rh sites (attributed to stronger adsorption on steps and
weaker adsorption on terraces). This may also be a result of
furfural decarbonylating upon adsorption, as discussed earlier.
Thus, the extracted adsorption energies of furfural without a
two-site adsorption behavior are an average over the different
sites. For cyclohexanol, the adsorption is not strong enough to
reach sufficiently high coverages where adsorption on a second
site may be seen. Further coverage increases were limited by the
solubility of cyclohexanol. The fraction of H,,4 inhibited at 1
mM cyclohexanol concentration, shown in Figure 5d, is less than
5%, whereas for other organics (Figure S), greater than 50%
organic coverage was achieved at 1 mM. Our DFT calculations
also indicate that cyclohexanol adsorption is weaker on Pt and
Rh than aromatic adsorption. As the main difference between
the phenol and cyclohexanol is the aromatic ring, the weaker
adsorption of cyclohexanol (Figure Sd) is consistent with the
idea that the adsorption of aromatics on a transition metal arises
from the interaction between the aromatic 7 electron system and
the metal d-band.””> The measured adsorption energies of the
model compounds are included in Table 1, converted between
free energies and enthalpies as discussed in Section S9 of the SIL
Table 1 also includes the adsorption energies from calculations
using DFT and adjusting using the bond-additivity model.

Comparing Experiments with Implicit Solvent and
Bond-Additivity Calculations. The aqueous-phase heats of
adsorption from experiments on Rh increase in the order of
benzaldehyde > phenol > benzyl alcohol > furfural >
cyclohexanol, which has the same trend as Pt in aqueous
phase.'® Furfural adsorption on Pt was not previously measured
in ref 16 but is reported here (Hupd and adsorption isotherm are
in Figure S9). The heat of adsorption for benzaldehyde on site 1
of Rh (39 kJ mol™") obtained here from the isotherm fitting is
the same as the value determined from solution calorimetry of
benzaldehyde on Rh/C (39 kJ mol™'),” supporting the
accuracy of this technique for estimating adsorption energies
on metal surfaces. The exact order of the heats of adsorption for
the aromatics differs between experiment and our computa-
tionally predicted energies (Table 1), yet this is unsurprising
given the small variation in heats of adsorption on a given site,
which is well within the expected accuracy of DFT-based
predictions, and the assumptions/estimates of the number of
waters displaced and its impact on the predicted adsorption
energies. Nevertheless, the much stronger adsorption of the
aromatic molecules compared with the more weakly adsorbing
cyclohexanol is captured by our computational results.

The differences between experimental and predicted heats of
adsorption for all five organics studied here are shown in Figure
6. Heats of adsorption were also predicted using the optB88-vdw
functional,”””® which has been used to predict accurate gas-
phase adsorption energies of phenol on Pt(111),”” though we
find no qualitative differences between using the optB88-vdw
functional and PBE-D3 (see Figure S12 of the SI for
comparison). The heat of adsorption of each molecule on the
(110) step and the (111) terrace is calculated in the gas phase
and in the aqueous phase using either DFT with implicit solvent
or the bond-additivity model. Here, we use the (110) step to
compare the experimental site 1 and the (111) terrace to
compare site 2. The triangles for phenol in Figure 6 correspond
to the difference between the values shown in Figure 3.
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Figure 6. Calculated heats of adsorption using the PBE-D3 functional
referenced to experimental heats of adsorption for organics using
different methods. Calculations on (110) steps are compared to site 1
and (111) facets are compared to site 2. (a) Pt(110) step and Pt(111)
terrace differences between theory and experiment; (b) Rh(110) step
and Rh(111) terrace differences. Heats of adsorption are calculated in
the gas phase and in the aqueous phase using an implicit solvent model
or a bond-additivity model (Bond Add.). Calculated enthalpies on the
(111) terrace and (110) step were referenced to the same experimental
enthalpy when two distinct adsorption sites were not extracted from the
isotherms. Values greater than zero indicate that adsorption is predicted
by DFT to be stronger than the experiment, whereas values less than
zero indicate that adsorption is predicted by DFT to be weaker.
Experimental values and Bond Add. values are shown in Table 1, and all
computational values are shown in Table S4.

Generally, the energy of solvating organics and the penalty of
displacing adsorbed water, which is explicitly accounted for in
the bond-additivity model, result in a drastic reduction in the
heats of adsorption of the organics in the aqueous phase
compared with that in the gas phase.

For all organics, a large difference between the gas-phase and
experimental heats of adsorption is observed, indicating that gas-
phase DFT predicts adsorption to be much stronger than what is
observed experimentally in the aqueous phase. Similarly, DFT
with implicit solvent predicts the adsorption of the organics to
be much stronger than what is experimentally measured. The
heats of adsorption predicted using the bond-additivity model,
however, are much closer to experimental values for all organics,
with cyclohexanol as an exception. Since cyclohexanol adsorbs
so weakly, we are unable to get a saturation coverage; hence, the
isotherm fit is poor and the extracted aqueous values may not be
accurate. Furthermore, because cyclohexanol already binds
weakly in the gas phase compared with the aromatics, it may
have an insufficient driving force to displace as many water
molecules as the aromatics.

The number of water molecules displaced by each organic
molecule (used for bond additivity) from each surface was
chosen based on an estimated saturation coverage of each
organic and an approximate coverage of water (Figure S10 and
Table $6). Unsurprisingly, the closest agreement between bond-
additivity calculations and the experimental values is for (111)
terraces, where UHV work has given a more accurate
understanding of the footprint of the adsorbed organic and
hence the number of displaced waters. Ultimately, the data in
Table 1 and Figure 6 show that the adsorption enthalpies of the
organics in aqueous phase are greatly reduced by the presence of
water compared with gas-phase adsorption enthalpies and that
closer agreement with experimental measurements in aqueous
phase is obtained with the bond-additivity model.

Consequences of Weaker Effective Organic Adsorp-
tion on Pt and Rh on Hydrogenation Rates. The
comparable free energies of adsorption of phenol and
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benzaldehyde on Rh and Pt wires in aqueous phase may explain
why there is considerable similarity in the Rh/C and Pt/C
activities for both aqueous-phase thermal and electrocatalytic
hydrogenation of these molecules. Aqueous-phase hydro-
genation of phenol and benzaldehyde on Pt/C and Rh/C can
be described using a Langmuir—Hinshelwood mechanism with a
surface reaction rate-determining step,‘)’76 so the adsorption
energies of the organic and of hydrogen should play a key role in
the observed kinetics. In particular, the adsorption energies of
the reactants and intermediates will dictate the surface coverages
when adsorption/desorption is fast compared to the surface
reaction; thus, these adsorption energies will control the
reaction orders. The adsorption energies will also impact the
TOF, both through the surface coverages and the activation
energies. Phenol has similar TOFs and reaction orders for
hydrogenation of the aromatic ring on Pt/C and Rh/C.*'*
Benzaldehyde also shows comparable hydrogenation TOFs and
reaction orders for the aldehyde group on Pt/C and Rh/ C.7° pt
and Rh have similar effective activation energies for phenol®’
and benzaldehyde,”® with Rh having a slightly lower (~4 to 6 kJ
mol™") effective activation energy for both reactions.

The similar hydrogen adsorption energies of Pt and Rh,*
combined with the above evidence for aqueous-phase hydro-
genation, imply that there are no major differences in the organic
adsorption energy on Pt and Rh. This observation is inconsistent
with the different organic adsorption strengths in gas phase (e.g.,
phenol adsorbs 50 k] mol™! more strongly on Rh(111) than on
Pt(111)). However, the similar aqueous adsorption strengths for
Pt and Rh in this work agree qualitatively with the observed
catalytic activity for phenol and benzaldehyde hydrogenation. In
addition, the much lower adsorption energy for phenol and
benzaldehyde in the aqueous phase explains why these reactions
can proceed at room temperature, whereas in gas phase the
adsorption energy would be too strong for appreciable reaction,
and desorption may be rate-limiting, as opposed to the surface
reaction being rate-limiting in aqueous phase. The adsorption
equilibrium constant for phenol on Pt(111) using the bond-
additivity model'” in fact matches closely to the adsorption
equilibrium constant for phenol hydrogenation on Pt/C,”
whereas the adsorption constant from gas-phase or implicit
solvent calculations is more than 30 orders of magnitude too
large. The large difference in gas-phase and aqueous-phase
adsorption energies highlights the importance of understanding
adsorption in aqueous phase for catalysis, which we show can be
approximated using gas-phase calculations coupled with the
bond-additivity model. Although this method would enable
more accurate estimates of coverage and adsorption/desorption,
it would not account for solvent effects in preferentially
stabilizing the transition state or identifying new reaction
mechanisms that require interaction with the solvent.

B CONCLUSIONS

Generally, we find that organics bind weaker in the aqueous
phase compared to the gas phase on Pt and Rh. This observation
is well explained by a bond-additivity model that accounts for
the large enthalpic penalty for the displacement of multiple
water molecules by the organics from the water/metal interface.
Using this model, we predicted adsorption energies in aqueous
phase from gas-phase calculations, which match qualitatively
with experiments. As a result of this water displacement
enthalpy, phenol and other organics adsorb with similar strength
on Pt and Rh in aqueous phase despite the considerable
difference in their gas-phase adsorption enthalpies.
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Although for surface reactions, this weaker adsorption in
aqueous phase may apply to the energies of adsorbed products,
intermediates, and transition states equally relative to the
adsorbed reactant species and thus may not greatly change
catalytic barriers, the weakening of adsorption energies has
important consequences in understanding adsorption/desorp-
tion, coverages, and TOFs. These results help explain how
aromatics such as furfural, benzaldehyde, and phenol, which
bind so strongly to metals in the gas phase (200—250 k] mol™"),
can be hydrogenated even at room temperature in the presence
of water. Additionally, these findings show how computational
techniques can be used to predict and rationalize how solvents
tune the adsorption on metal surfaces. Understanding how
solvents impact the adsorption can enable the control of
condensed-phase catalytic rates through the selection of the
solvent environment.
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