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Abstract

Solvent / metal adhesion energies are crucial for understanding solvent effects on
adsorption energies, which are in turn central to understanding liquid-phase catalysis,
electrocatalysis and many other technologies such as adsorption-based separations and chemical
sensors. Differences in reactant adsorption energies in different solvents are dominated by
differences in their solvent / metal adhesion energies. Here, the adhesion energies of five liquid
solvents to clean Pt(111) and Ni(111) surfaces have been estimated using ultrahigh vacuum
calorimetric measurements of heats of adsorption versus coverage integrated from zero coverage
up to thick (bulk-like) multilayer solid films. The adhesion energies are found to vary from 0.15
to 0.60 J/m?, increasing in the trend CH3OH < HCOOH < H,O < benzene = phenol. This trend
indicates that solvents with higher heats of adsorption per unit area in the first adsorbed layer
have higher adhesion energies to a given metal surface. The adhesion energies to Ni(111) are
generally larger than to Pt(111) (on average by 0.09 J/m?). This is due to the 24% higher number
of metal atoms per unit area on Ni(111) than on Pt(111), and, with oxygen-containing solvents,
the greater oxophilicity of Ni compared to Pt.
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INTRODUCTION

Catalytic and electrocatalytic reactions occurring at solid surfaces in liquid solvents are
becoming increasingly important for clean energy, environmental, and chemical technologies.
Detailed understanding of the kinetics of these reactions and the reasons one catalyst may be
more active or more selective than another requires knowledge of the energies of the adsorbed
reaction intermediates and the transition states for their surface reactions. There are accurate
measurements of the energies of many adsorbed catalytic reaction intermediates on clean and
well-defined metal surfaces in ultrahigh vacuum or gas phase,'® and there have been a huge
number of calculations of these energies using density functional theory.*'° In contrast, very
little is known about the energies of adsorbed reaction intermediates in the presence of liquid
solvents since the methods for studying surfaces in the presence of liquids are much more
challenging and less developed than in the gas phase. In addition, the choice of solvent is known
to have marked effects on the catalyst’s activity and selectivity.'!"!> Understanding such solvent
effects surely requires an understanding of how the adsorption energies of the key reaction
intermediates (and transition states) depend upon the solvent, yet very little is known about this.
We show below that the adhesion energy of the solvent to the solid surface (Eadn) is perhaps the
dominant factor that determines the differences between adsorption energies in different
solvents. Motivated by that observation, we report experimental measurements of adhesion
energies of five different solvents to clean Pt(111) and Ni(111) surfaces extracted from our
earlier calorimetric measurements of the adsorption energies of the solvent molecules on these
clean metal surfaces that extended from zero coverage up to bulk-like multilayer solvent films.

The effect of solvent / solid adhesion energy on adsorption energies in solvents

As noted above, there is great motivation to leverage the vast amount we already know
about the energies of adsorbates at the gas/solid or vacuum/solid interface to estimate adsorption
energies on solid surfaces in the presence of liquid solvents, and to predict the effects of different
solvents on adsorption energetics. Several studies have already addressed these effects.!!"!224
33,16,34-37,17-23

We recently analyzed the differences between adsorption energies in the gas phase and in
liquid solvents within a simple pairwise bond-additivity model and a standard thermodynamic-
cycle approach.*® That approach required that the adsorbate be a flat molecule which adsorbs
parallel to the solid surface. Its accuracy was validated by comparing the heat of adsorption of
phenol on Pt(111) measured in liquid water to the heat of gaseous phenol adsorption on Pt(111)
measured in ultrahigh vacuum 34

We reproduce that model in Fig. 1, but present it here in a more general form than we
suggested when first presenting it, i.e., by replacing water with the general solvent “S” and the
metal surface (Pt(111)) with the general material surface “M”. (We refer to M as a metal below,
but the analysis applies to any solid material.) The adsorbing reactant “R” is any flat molecule
like phenol. We imagine here a vertical column of solvent with a cross sectional area equal to the
area required for one adsorbed molecule of R (or). Since the molecule R is flat (one atom



thick), edge effects on energies were assumed to be negligible, but we argued that this model
should also be applicable to thicker molecules when reasonably flat.?®
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Figure 1. Thermodynamic cycle using pairwise bond additivity to relate the energy of adsorption
of a flat reactant molecule (R) onto a clean metal surface (M) in gas phase (— R-M) with that
measured in a solvent (S). Here we show each step’s change in internal energy (AU) at the
temperature of interest. The surface energy (ysiq)) and adhesion energy (Eadn) are energies per
unit area, so these are multiplied by the area per adsorbed R molecule (or).

In this bond additivity model the first two steps, when combined, are just the solvation of
R(gas) in liquid S to make solvated R, or R(solv). The energy for these two combined steps
(shown as the arrow across the top) is AUsolvation,R(gas)- It value is often able to be determined
using the reported experimental temperature dependence of Henry’s Law constant (or the
solubility constant) for R(gas) in S, as we did for phenol in water (giving AU solvation,phenol(gas) = —
47.5 kJ/mol).>®*! In the first step, the solvent-solvent bonding in the area of one R molecule must
be broken to make two vacuum / solvent interfaces. The energy cost for this is called S-S, for the
solvent-solvent bond energy. The value of S-S is by definition twice the surface energy of the
liquid solvent at its gas or vacuum interface (ysgiq)) multiplied by the surface area occupied by
one R molecule, or. One can estimate this energy change using the reported experimental
surface free energy of liquid solvent, since it is generally dominated by the energy cost to break
the strong solvent-solvent bonding with only small contributions from entropy. The two solvent
surfaces are then bonded to both sides of a gaseous R molecule, which is downhill in energy by
twice the solvent-R bond energy over the area of one R, or 2(S-R). The net reaction depicted in
the top arrow then has energy:

AUsolvation,R(gas) = S-S— 2(S-R) = 2[('YS(liq) : GR) - S-R] (l)



One can set this equal to the experimental AUsolvation,R(gas) fOr steps 1 plus 2 combined (if known)
and solve for S-R to get:

S-R=- AIJsolV'cltion,R(gaS)/2 + (YS(liq) ’ GR)' (2)

When applied to phenol in water, this equation gave S-R = 50.1 kJ per mole of phenol surface
area.*

The next step is to separate the solvent from the metal, which is uphill in energy by S-M,
equal by definition to the solvent/metal adhesion energy per unit area times the area required for
the adsorbed reactant, Eagn,sm - or. Next, the solvent column below the R is separated from the
R, which has energy cost of S-R, as given by Eq. (2). The lower solvent column is next attached
to the upper solvent column, which is downhill in energy by the S-S bond energy, i.e., AU =— S-
S =-2 (ysgiq) - or). Finally, the bottom of the solvent column (which is now terminated in
molecule R) is attached to the metal surface. This last step is downhill by the molecule-metal
surface bond energy, AU = R-M, which in this simple bond-additivity model is assumed to be the
same as the adsorption energy in the gas phase, AUadsr(gas)- As shown by the bottom arrow, these
last four steps combine to make the net reaction (from R in solvent plus M in solvent to R
adsorbed on M in solvent), or the solvent-phase adsorption of R. Therefore, the energy for this
net solvent-phase adsorption reaction, AU ads R(solvent), 1S just the sum of energies for each of these
four steps:

A[Jads,R(solvent) = S-M+S-R-S-S—R-M ,
or

AUads,R(solvent) = Eadh,S/M or +S-R-2 (YS(liq) . GR) + AUads,R(gas)- (3)

Substituting for S-R from Eq. (2) into Eq. (3) above gives:

AUagsResolventy = Eadn,sM * GR — AUsolvation,R(gas)/2 + (Ysig) * OR) — 2 (Ys(iq) - OR) + AUads,R(gas)

= Eadh,S/M *OR — AUsolvation,R(gas)/z - ('YS(liq) : GR) + AUads,R(gas) s
or

AUads,R(solvent) = AUads,R(gaS) + Eadh,S/M *OR — AUsolvation,R(gaS)/z — YS(lig) * OR .

4

Note that the last two terms in this equation are often known from the bulk behavior of the liquid
solvent (and its solvation of R), provided the area covered by adsorbed R can be estimated.
Thus, Eq. (4) provides a simple way to estimate the adsorption energy in a solvent from its
adsorption energy in vacuum, provided the adhesion energy of the solvent to the solid surface is
known. Alternatively, Eq. (4) provides a potentially useful way to estimate this adhesion energy
if any molecule’s adsorption energy has been measured in both vacuum and this solvent.
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We emphasize that this is a very simple model. Most importantly, it would have large
error if there were a large amount of charge transfer between the adsorbate and the metal. Thus,
it is designed for neutral adsorbates, not adsorbed anions or cations. While this is a severe
limitation, the fact is that the computational catalysis community is still struggling with how to
accurately include solvent effects in even the simplest adsorption systems. Thus, the simplicity
of experimental systems it can treat and its simple elementary-step breakdown of the process in
Fig. 1 offers important advantages in that it can provide simple experimental benchmarks for
testing computational models for solvent effects.

Equation (4) shows that the solvent-phase adsorption energy is markedly less exothermic
than the gas phase AUadsr(gas) due to the adhesion energy of the solvent to the metal and the
exothermicity of solvation of the gas. We applied Equations (3) and (4) to aqueous-phase phenol
adsorption on Pt(111) and found that the dominant difference between AU ags, R(solventy and

AU ads r(eas) Was the adhesion energy term, Eadn,s/m - or, Which is ~116 kJ per mol phenol for that

case.’® The two terms —AUsolvationR(gas)/2 and —ysiq)'Gr were both much smaller in magnitude
(~26 kJ per mol phenol) and they had opposite signs, so they nearly cancelled. This observation
suggests that differences in Eadn,sm between different solvents may often be the largest
contribution that determines the differences in energy between adsorption of the same molecule
on the same surface in different solvents. This important effect of the solvent/metal adhesion
energy on adsorption energies provides strong motivation for making experimental estimates of
solvent/metal adhesion energies for other systems. We report below nine new experimental
estimates of solvent / metal adhesion energies which show that Eaan varies strongly with the
solvent and is generally larger to Ni(111) than Pt(111).

When we introduced the concepts in Fig. 1 and Eq. (4),*® we also presented a similar
thermodynamic cycle (“Scheme 4”°) that used the adsorption energy of the solvent in the first
layer instead of the adhesion energy. That cycle made the assumption that the solvent-solvent
bond energy between the 1* and 2™ layers of solvent is the same as in the bulk of the solvent.
That assumption is only approximately correct. The raw heat versus coverage data cited in Table
1 shows that the heat of adsorption in the 2™ layer is generally ~5 to 20% larger than in the 3™
and thicker layers. So using Eq. (4) and adhesion energies is more accurate than using only first-
layer adsorption energies within that Scheme 4. The difference is 12.4 kJ/mol for phenol
adsorption on Pt(111) in water.*® Perhaps more importantly, using Scheme 4 requires knowing
the exact coverage where the first layer completes and the 2" layer starts. This is not always
possible to accurately determine from the experiments. The use of adhesion energies and Eq. (4)
completely avoids the need to do that.

Solvent / metal adhesion energies

To our knowledge, there is presently no known way to directly measure the adhesion
energy of any liquid solvent to any clean surface. However, we have repeatedly measured
solid/solid adhesion energies sincege 1997 using a method we developed based on calorimetric



heats of vapor adsorption onto clean solid surfaces in ultrahigh vacuum (UHV) whose accuracy
has been validated.*** This method involves integrating the measured heat of adsorption from
zero coverage up to a high coverage where the vapor has grown a thick (bulk-like) solid
multilayer. Until our recent report of Eaan for water(solid) / Pt(111) interface,*® we had only used
this approach to measure Eaan for solid metal films on clean oxide and metal surfaces. We will
use that same approach here to estimate the adhesion energies of bulk-like films of five different
solvents (water, methanol, formic acid, benzene, phenol) to clean Pt(111) and Ni(111) surfaces.

We will use the same equation as derived in ref. *> for measuring adhesion energies of
solid metal films to clean single-crystal surfaces, only now applying it to the adhesion energy of
solvents onto clean Pt(111) or Ni(111) surfaces. Figure 2 shows the thermodynamic cycle used
to derive the needed equation, adapted from ref. * to the different species involved here, with S
referring to the solvent species. The calorimetric measurement is depicted as the arrow that goes
from the top state (n molecules of gaseous S plus a clean solid surface of material M with area A
in UHV) down to the state at the bottom right, a multilayer slab of condensed liquid solvent S on
the solid surface. The enthalpy change for this step is just the sum of the enthalpies of
adsorption of all n molecules of S, equal to the negative of the heat of adsorption integrated over
the coverage range from 0 to n/A, or —Qadsorption-

. L - - - -
..‘...,‘:.-.:.: n S(gas)

// W // + Solid Surface

-n AH\nr.ap,s +2A y %Hads,s = 'Qadsorption

Multilayer Slab

T
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) -A Eadh ) ) .
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Figure 2. Thermodynamic cycle connecting the integrated heat of adsorption of gas phase
solvent molecules (S) to its adhesion energy (Eaan) for a thick multilayer film of S(liq) on a
surface of some solid material (M) covering some surface area (A).



The same net reaction can be realized by first taking the arrow down to the left to
condense the n solvent molecules into a free-standing multilayer slab of pure S liquid, S(liq), and
then taking the arrow from the bottom left to right attaching the liquid slab of S to the solid
surface. The first step has an enthalpy change equal to negative n times the bulk heat of

vaporization of pure S (—n-AHyap,s), plus two times the surface energy of the pure liquid S times
the area (2 A-ysgiq)). The energy for the second step is, by definition, just equal to the area times

the adhesion energy (—A-Eadn,sqiqyms))- The enthalpy change for the second step is equal to its
energy change since there is no significant change in volume. The sum of enthalpy changes for
all three steps in the cycle must sum to zero, so that:

— A-EadnsaigMes) = + (0-AHvap,s — 2A-ys(iq)) — Qadsorption - (5)

This can be rearranged to give:

Eadh,S(liq)/M(s) = [Qadsorption—H'AHvap,S]/A + 2'YS(1iq)- (6)

Since the heats of vaporization and surface energies are known for many liquid solvents at room
temperature, the integrated heat of adsorption of S(gas) per unit area (Qadsorption /A) provides all
that is needed to apply this equation to estimate the solvent/metal adhesion energy.
Unfortunately, Qadsorption can only be measured at lower temperatures, where the solvents
grow as solid films rather than liquid films. For that reason, we make the assumption that the

first term here, [Qadsorption — N*AHvap,s /A at room temperature, is approximately equal to the
analogous quantity which we can measure at low temperatures when S is a solid: [Qadsorption —

n-AHgub,s]/A, where AHgup,s 1s the bulk heat of sublimation of pure S. The assumption that this

equals [Qadsorption — N*AHvap,s]/A at room temperature is based on our expectation that the zero-
Kelvin chemical bond energies dominate these energies at all temperatures. It is equivalent to
assuming that the first two layers and multilayers have the same difference in heat capacities at
all temperatures. This is similar to the assumption of zero difference in heat capacities made in
deriving both the famous Clausius-Clapeyron and van’t Hoff Equations,* but it is less accurate
since the heat of fusion is involved here in the multilayers and possibly also in the near-surface
layers. Since the heat of fusion is small compared to the heat of sublimation, this is expected to
be a small error.

Figure 3 shows an example of such a heat of adsorption versus coverage measurement,
for the case of formic acid adsorption on Ni(111) at 120 K from ref. 3. All such data were
measured in ultrahigh vacuum by single crystal adsorption calorimetry (SCAC). As seen, the
heat of adsorption is high until the first layer is saturated, and it drops down to near (but still
above) the heat of sublimation of the pure, thick multilayer (AHsub,s) in the second layer, but
closely approaches this high-coverage asymptotic limit of AHgu,s by the third layer. This

decrease is typical of all the systems analyzed here. The quantity [Qadsorption — N*AHsub,s]/A 1s just



the shaded area shown. As was derived above, this quantity added to twice the surface free
energy of the solvent yields the adhesion energy between the solvent and the metal surface.
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Figure 3. Heat of adsorption of methanol gas versus coverage on Pt(111) at 100 K measured by
SCAC, from ref. *. The coverage axis here is in absolute units of “monolayers” or ML, defined
as the number of methanol molecules per Pt(111) surface atom where 1 ML corresponds to the
surface atom density of Pt(111) (1.51 x10'®> molecules / cm?). The first layer saturates at a

coverage of /2 ML. The shaded area is the quantity [Qadsorption — N*AHsub,s]/A used to estimate
[Quadsorption — N*AHyap,s]/A when applying Eq. (6) to estimate the adhesion energy.

The adhesion energies for thin multilayer films of solvent molecules on Pt(111) and
Ni(111) determined from SCAC data like those in Fig. 3 using Eq. (6) are summarized in Table
1. Also listed there are the experimental surface energies (yi) and sublimation energies used in

Eq. (6) and their sources.



Table 1: Adhesion Energies of Solvent Films to Single Crystal Metal Surfaces
Solvent Metal T (K) g, (J/m?) AH (kd/mol) E_, (J/m?) (Qads - NnAHsub,s)/A (J/m?)

sub,S

D,O Pt(111) 88 0.0730 48.1 0.273 0.127
Pt(111) 120  0.0730 47.2 0.230 0.084
Ni(111) 100 0.0730 46.9 0.345 0.199
CH,OH  Pt(111) 100 0.0230 43.8 0.168 0.122
Ni(111) 100 0.0230 44.0 0.217 0.171
HCOOH  Pt(111) 100 0.0377 52.8 0.162 0.086
Ni(111) 120 0.0377 49.9 0.279 0.204
CeH, Pt(111) 90 0.0288 73.244.2 0.447 0.389
Ni(111) 90 0.0288 722445 0.600 0.542
C,H,OH  Pt(111) 90 0.0400 44.273.2 0.463 0.383
Ni(111) 150 0.0400 445722 0.501 0.421

Surface energies of pure liquids of molecular species (Ysaig)) are from refs. ¥, Their heats of
sublimation (AHgyw) at the measurement temperature are taken to be equal to the high-coverage limits for
their heats of adsorption from the SCAC measurements used to get Qadsorption/A, i.€., from refs, 3:4346:50-
54 as was proven in those papers to be true to within the accuracy of the absolute calibration of the
calorimeter heat signal (3%). Adhesion energies (Eaan) were determined by using the above values in Eq.

(6), assuming that [Qadsorption — N*AHyaps /A at room temperature equals (Qadsorption - N*AHsubs)/A here.

Figure 4 summarizes the adhesion energies from Table 1. As seen, the adhesion energies
to Pt(111) increase in the sequence CH3;OH < HCOOH < H20 < benzene = phenol, and the
values to Ni(111) follow the same sequence except that they are generally larger than to Pt(111)
(on average by 0.09 J/m? or 37%) and phenol is instead lower than benzene. Note that these
values reflect the internal energy contributions only. They do not include any entropic
contributions.
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Figure 4: Adhesion energies for each liquid solvent on clean Pt(111) and Ni(111) surfaces
determined using Eq. (6) together with low-temperature calorimetric heats of adsorption. See
Table 1 for temperatures used.

The larger adhesion energy of the oxygen-containing solvents on Ni(111) in comparison
to Pt(111) is likely a result of the larger oxophilicity of Ni compared with Pt. Previous work by
our group has shown that the -OR bond energies to Ni(111) are ~70 kJ/mol larger than their bond
energies to Pt(111),% reflecting the well-known greater oxophilicity of Ni. This leads to stronger
adhesion of the oxygen-containing solvents (i.e., all except benzene) to Ni(111) than Pt(111). For
benzene, the heats of adsorption versus coverage (per surface metal atom) is almost identical on
Ni(111) and Pt(111).5! However, the number of metal atoms per unit area is 24% larger on
Ni(111) than on Pt(111), so this leads to a stronger adhesion energy per unit area for benzene on
Ni(111) than Pt(111).

The trend in Fig. 4 of adhesion energy with different solvent molecules is quite similar on
both Pt(111) and Ni(111). As one moves to the right in Fig. 4, the observed increase is Eadn 18

dominated by the increase in the [Qadsorption — N*AHsub,s]/A term in Table 1. Close inspection of
the heats of adsorption versus coverage reveals that this term is dominated by the heat of

10



adsorption in the first layer of adsorbed molecules that are in direct contact with the metal
surface. Thus, one can approximately state that the solvents with higher heats of adsorption per
unit area in the first adsorbed layer have higher adhesion energies. A variety of physical effects
contribute to the heat of adsorption per unit area for any given molecularly-adsorbed solvent
molecule, so any further discussion of this trend in Fig. 4 would require an in-depth analysis with
the aid of quantum mechanics calculations.

We have recently used a very similar approach to estimate the adhesion energy of water

to Pt(111) using the same calorimetric values for [Qadsorption — N*AHsub,s]/A as listed in Table 1.3
However, in that case we estimated Eadn of solid water to Pt(111) rather than liquid water, so that

the term 2-ysaiq) in Eq. (6) here was replaced with that for solid water, 2-yssolidy (Which for solid
water is 0.109 J/m?).>® This solid-water surface energy is 0.036 J/m? larger than that for liquid
water, so it gave Eadn = 0.32 J/m?, averaged over the two temperatures of the calorimetry
experiments (0.345 and 0.302 J/m? at 88 and 120 K, respectively). The liquid Eadn value in Table
1 (also averaged for these two temperatures) is 0.07 J/m? (or 22%) smaller. Since we could not
find yssoliay values from the literature for the solid surfaces of other solvent molecules, we cannot
make this comparison for them. However, since the other solvents have liquid surface energies
that are ~40 to 70% smaller than for water, we expect a smaller absolute difference between
estimated solid versus liquid adhesion energies than this 0.07 J/m? difference seen for water. This
would not have much of an effect on the trends in Eaan plotted in Fig. 4, which would still hold if
using these solid solvent values instead. For the water on Ni(111) system, using the surface
energy for ice stated above leads to a calculated adhesion energy of 0.417 J/m? at 100 K which is
also 0.075 J/m? (or 22%) larger than the liquid value of 0.342 J/m? listed in Table 1.

As with the examples above for water, in general, the surface energy of the solid will be
larger than that of the liquid as shown in the well-known relationship:>’

YSolid = YLiquid T YSolid/Liquid - . (7)

It follows that the adhesion energies reported here will be systematically smaller than the true
value obtained from using the solid surface energy. Results investigating the surface energy of
pure metals suggest a constant ratio of the solid to liquid surface energy with a value of
Ysolid/YLiquid = 1.18.%7 Using this ratio to estimate the solid surface energies of the solvents in
Table 1 leads to the conclusion that the 18% increase in the surface energy (from liquid to solid)
leads to an average increase of only ~6% in the calculated adhesion energy due to the dominance

of the term [Qadsorption — N*AHsup,s]/A in the adhesion energy calculation.

The adhesion energy between two condensed phases or materials is defined as the energy
per unit area required to separate them to form two distinct surfaces. For a solvent S and a
material M, this is reflected in Eq. 8.

Eaah =yM +ys —ysm . (8)
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Based on the values reported in Table 1 for adhesion energies and solvent surface energies, and
using the reported surface energies of pure metals (ypqi111) = 2.49 J/m? and ynici11) = 2.38
J/m?),3738 it is straightforward to use this equation to calculate the surface energy of the
solvent/metal interface. This interfacial energy often appears in equations relating to the wetting
of a material substrate, % so its calculation from the above data may be useful to some readers.

CONCLUSIONS

Using cryogenic calorimetric measurements of the heats of adsorption of solvent
molecules on clean Pt(111) and Ni(111) surfaces as a function of coverage up to high coverages
where the molecules grow thick (bulk-like) solid films, we have extracted the adhesion energies
per unit area of five liquid solvents (methanol, formic acid, water, benzene and phenol) on
Pt(111) and Ni(111). The results are summarized in Figure 4. To estimate these adhesion
energies, we assumed that the measured heat of adsorption in the first few layers is the same
amount above the multilayer heat on these cold surfaces (i.e., at ~100 K) as it would be if
measured near room temperature where the solvent is a liquid. This leads to some error,
estimated to be small compared to the differences between solvents in Figure 4. These adhesion
energies can be used in thermodynamic cycles, like the bond-additivity model in Figure 1, to
help clarify solvent effects on adsorption energies and the rates of liquid phase catalytic and
electrocatalytic reactions.
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